In the past decade, novel lamellar keratoplasty techniques such as Deep Anterior Lamellar Keratoplasty (DALK) for anterior keratoplasty and Descemet stripping automated endothelial keratoplasty (DSAEK)/Descemet membrane endothelial keratoplasty (DMEK) for posterior keratoplasty have been developed. DALK eliminates the possibility of endothelial allograft rejection, which is the main reason for graft failure after penetrating keratoplasty (PK). Compared to PK, the risk of endothelial graft rejection is significantly reduced after DSAEK/ DMEK. Thus, with modern lamellar techniques, the clinical problem of endothelial graft rejection seems to be nearly solved in the low-risk situation. However, even with lamellar grafts there are epithelial, subepithelial and stromal immune reactions in DALK and endothelial immune reactions in DSAEK/DMEK, and not all keratoplasties can be performed in a lamellar fashion. Therefore, endothelial graft rejection in PK is still highly relevant, especially in the "high-risk" setting, where the cornea's (lymph)angiogenic and immune privilege is lost due to severe inflammation and pathological neovascularization. For these eyes, currently available treatment options are still unsatisfactory. In this review, we will describe currently used keratoplasty techniques, namely PK, DALK, DSAEK, and DMEK. We will summarize their indications, provide surgical descriptions, and comment on their complications and outcomes. Furthermore, we will give an overview on corneal transplant immunology. A specific focus will be placed on endothelial graft rejection and we will report on its incidence, clinical presentation, and current/future treatment and prevention options. Finally, we will speculate how the field of keratoplasty and prevention of corneal allograft rejection will develop in the future.
1. Introduction
Anatomy of the cornea
The cornea is the transparent and avascular front part of the eye playing a central role in light refraction and providing a physical barrier to the external environment. It consists of 5 layers (as depicted in Fig. 1 ): the epithelium, Bowman's layer, stroma, Descemet membrane and endothelium (DelMonte and Kim, 2011) .
The outermost layer of the cornea, the epithelium, comprises of 5-6 layers of stratified non-keratinized cells measuring approximately 50 μm in humans. The cells in the uppermost layers form intercellular tight junctions which prevent the invasion of microorganisms and other potentially harmful exogenous factors (Eghrari et al., 2015) . The corneal epithelium is maintained by a population of stem cells residing at the basal layers of the vascularized junction between the cornea and the conjunctiva, namely the limbus (Notara and Daniels, 2008) . The highly (lymph)vascularized Palisades of Vogt are stromal invaginations located in the limbus, and are considered a putative limbal epithelial stem cell niche (Notara et al., 2010) . The limbus is the border between physiologically avascular cornea and heavily hem-and lymphvascularized conjunctiva.
The corneal basal epithelial cell layer rests on the acellular Bowman's layer which is a strong membrane consisting of randomly oriented collagen fibrils (Komai and Ushiki, 1991) . Contrary, the corneal stroma features a highly organized structure consisting of highly https://doi.org/10.1016/j.preteyeres.2019.07.001 Received 4 December 2018; Received in revised form 1 July 2019; Accepted 2 July 2019 organized collagen I and V fibers to which the cornea owes its transparency and biomechanical strength. The corneal keratocytes, mainly localized in the anterior stroma, produce these collagen fibrils while remaining relatively sparse within the stromal tissue (Hassell and Birk, 2010) .
The Descemet membrane underlies the corneal stroma and consists mainly of collagen IV which is produced by a monolayer of quiescent endothelial cells, which preform the key function of keeping the cornea dehydrated by continuously pumping fluid out of the stroma and into the aqueous humour (AqH) (Yu et al., 2011) .
In addition to the previously described structures, the cornea contains numerous nerves, immune cells, putative mesenchymal stem cells, and hem-and lymphvascular sprouts close to the limbus. If corneal transparency, integrity or function are compromised, corneal transplantation is the therapy of choice.
History of keratoplasty -from lamellar to penetrating to modern lamellar surgery
Corneal transplantation (keratoplasty) is the oldest and most successful form of tissue transplantation. First attempts to surgically treat opaque corneas (by superficial keratectomy) can be traced back to 100-200 A.D. by Galen (Crawford et al., 2013; Mannis and Krachmer, 1981; Moffatt et al., 2005) . Techniques for anterior lamellar keratoplasty were established during the late 1800s: von Walther and Koenigshofer recommended the excision of the anterior cornea without grafting the deeper layers and the Descemet's membrane. In 1886, Von Hippel performed the first partially successful lamellar (xeno)transplant, where a full-thickness cornea of a rabbit was transplanted onto the lamellar corneal bed of a human eye. The vision of the patient transiently improved, but the graft became opaque afterwards (Crawford et al., 2013; Mannis and Krachmer, 1981; Moffatt et al., 2005) . It was Eduard Zirm in 1905, who performed the first successful keratoplasty where the graft remained clear. The graft was derived from a human eye that was enucleated directly prior to full-thickness penetrating keratoplasty (PK), where the graft was secured with overlay sutures. At 6 months postoperatively, the patient had a visual acuity of 6/36 (Zirm, 1906) . In the following decades, there was no significant further progress in corneal transplantation due to the lack of knowledge of general principles of antisepsis and immunology, as well as surgical techniques. By the mid1950s, the introduction of antibiotics, corticosteroids and improvements in surgical techniques resulted in the modern era of PK. Thus, keratoplasty techniques have evolved from lamellar to penetrating approaches, which was the mainstay of corneal transplantation surgery until recently. In the past decade, however, novel minimallyinvasive lamellar keratoplasty techniques for a variety of corneal diseases have been developed, which result in generally better outcomes when compared to full-thickness PK. This led to fundamental changes in corneal transplantation, and the majority of keratoplasties can be performed in a lamellar fashion today. The current technique for anterior corneal diseases is Deep Anterior Lamellar Keratoplasty (DALK) using e.g. the "big bubble technique" introduced by Anwar (Anwar and Teichmann, 2002) . DALK eliminates the possibility of endothelial graft rejection, which is the main reason for graft failure after PK, but does not prevent epithelial, subepithelial or stromal immune reactions (Gonzalez et al., 2017) . The most popular techniques for posterior lamellar keratoplasty today are Descemet stripping automated endothelial keratoplasty (DSAEK) and Descemet membrane endothelial keratoplasty (DMEK), the latter introduced by Melles (Melles et al., 2006) . The risk of developing an endothelial graft rejection after posterior lamellar keratoplasty is significantly reduced when compared to PK, especially after DMEK (Anshu et al., 2012; Hos et al., 2017b) . Thus, even with modern lamellar grafting techniques there are epithelial, subepithelial and stromal immune reactions in DALK and endothelial immune reactions in DSAEK/DMEK. Furthermore, not all corneal transplantations can be performed in a lamellar fashion, because these novel techniques are not available worldwide and there are still corneal pathologies that require the replacement of all corneal layers. In these cases, immune-mediated endothelial graft rejection is highly relevant, especially in pathologically vascularized high-risk eyes constituting around 10% of all grafts, but currently available treatment options are still unsatisfactory.
We therefore want to first review currently used keratoplasty techniques, namely PK, DALK, DSAEK, and DMEK. We will summarize their indications, describe the surgical techniques, and comment on their complications and outcomes. Second, we will give an overview on corneal transplant immunology. Furthermore, we will mainly focus on endothelial graft rejection and report on its incidence, clinical presentation, and current/future treatment and prevention options (except for DALK, where we will briefly summarize recent findings regarding epithelial, subepithelial, and stromal rejections). Finally, we will speculate on how the field of corneal transplantation and prevention of corneal allograft rejection will develop in the future.
Types of keratoplasty, complications, preventive measures, and outcomes

Penetrating keratoplasty (PK)
Although the number of performed PK procedures is decreasing because newer lamellar transplantation methods have been developed (Flockerzi et al., 2018) , PK is still an important and necessary surgical procedure, particularly when newer surgical methods are not reasonable or fail.
Indications and surgery
PK is normally applied to recover the visual function of opaque or morphologically abnormal corneas. Moreover, corneal perforation due to infections or immunological diseases such as rheumatoid arthritis is an indication for PK. Prolonged endothelial dysfunction can also lead to stromal scarring and neovascularization and PK will become the first choice. One further indication is corneal opacification due to bacterial, viral, or fungal infection, which can damage not only the anterior cornea but also the corneal endothelium. Patients with keratoconus have also been treated by PK, but DALK has become the first-line treatment here.
PK surgery is different from other types of ophthalmic procedures Fig. 1 . Anatomy of the cornea. Schematic representation of the cornea depicting its distinct anatomical layers, namely the epithelium, Bowman's layer, the stroma, the Descemet membrane and the endothelium.
such as cataract or vitreous surgery, which usually proceed in a closed space. In contrast, parts of the PK procedure are implemented with the eye wide open. Therefore, surgery time is an important issue since the risk of severe complications such as expulsive bleeding increases over time. The shape of the eye is usually maintained by intraocular pressure, but the eye will not be able to maintain intraocular pressure during PK and will collapse especially in vitrectomized and aphacic eyes. Moreover, a vitreous body with high pressure can suddenly flow out during corneal resection and choroidal bleeding may develop. The size of the donor cornea should in our experience be 0.25 mm larger than the excised recipient cornea. The donor cornea is prepared using e.g. a Baron vacuum trephine and cut from the endothelial side. Alternatively, nonmechanical trephination techniques can be used (Preclik et al., 2010; Reimer et al., 2012) . In the recipient, a scleral ring (Flieringa ring) might be used to prevent collapse after corneal resection (especially after vitrectomy or in aphakia). Afterwards, the center of the cornea is determined and marked. For resection of the recipient cornea, a Baron vacuum trephine and punches are usually used. Excision of (both donor and) host tissue can also be performed non-mechanically e.g. by using excimer or femtosecond lasers (Daniel et al., 2016; Seitz et al., 1999) . After excision of the patient's cornea, surgical iridectomy is key to avoid Urrets-Zavalia syndrome. Then, the donor cornea is sutured to the recipient. Initially, eight temporary sutures are placed to stabilize the anterior chamber, followed by two continuous or interrupted sutures. Interrupted sutures might be used for easier manipulation if sutures should loosen afterwards in a weak site, e.g. after infections keratitis. Astigmatic adjustment during surgery has a serious effect on visual acuity after PK, and a Mallory/Placido disc ring can be used to adjust suture strength at the end of PK surgery to reduce astigmatism.
The reader should note that the description of the PK procedure here is based on the authors' own preferred technique and that many variations exist. For example, many surgeons often do not perform an iridectomy, use a same size trephine for the donor and recipient cornea, and do not always use a Flieringa ring after vitrectomy or in aphakia.
Complications, preventive measures and outcomes
The risk of vitreous body outflow and expulsive hemorrhage can be reduced by lowering vitreous body pressure before excising the host cornea. Appropriate anesthesia also reduces the risk of these complications. High intraocular pressure in the immediate postoperative period is usually caused by viscoelastic material remaining in the anterior chamber. Appropriate treatment is also required for infections or graft dehiscence with aqueous humor leakage through the graft-host interface. Emergency suturing is required for graft dehiscence to prevent further complications such as intraocular infection or bleeding. Drug toxicity or infections can cause persistent epithelial defects after transplantation. Therefore, close follow-up observations are needed to determine the cause and to ensure appropriate treatment.
We have previously analyzed the long-term visual outcome after PK for keratoconus. In this retrospective study that included 456 patients, mean best spectacle corrected visual acuity (BSCVA) at eight years postoperatively was 20/25, with a mean (topographic) astigmatism of 4.2 diopters (Preclik et al., 2010) . In a further retrospective study analyzing the long-term visual outcome after PK for bullous keratopathy in 413 patients, we have shown that mean BSCVA increased to 20/32 with a mean (topographic) astigmatism of 3.9 diopters at eight years postoperatively (Reimer et al., 2012) . Interestingly, eight-year BSCVA of patients with preoperative BSCVA ≤20/200 was significantly reduced when compared to patients with better preoperative BSCVA in both studies (Preclik et al., 2010; Reimer et al., 2012) .
Deep anterior lamellar keratoplasty (DALK)
Indications and surgery
Deep anterior lamellar keratoplasty (DALK) comprises surgical techniques aiming at replacing diseased corneal stroma by healthy donor stroma retaining only the recipient's Descemet's membrane with endothelial cells. In general, all corneal stromal diseases with healthy corneal endothelium can be treated by DALK. The most common indication for DALK is advanced keratoconus that cannot be treated by contact lenses or corneal collagen crosslinking (CXL) e.g. due to scarring or extensive thinning (Schaub et al., 2017d) . Especially young patients with less severe but progressive disease might first be treated by CXL, as a global expert panel recently stated (Gomes et al., 2015) . By far less numbers of patients become treated by DALK for other reasons like ectasia after refractive corneal surgery, corneal stromal scars and stromal thinning after trauma or inflammation or stromal obscurations in corneal dystrophies (Unal et al., 2013) . If corneal transplantation is necessary in case of acute keratitis a DALK rather than a PK can be considered under certain circumstances to lower the risk of intraocular inflammation and the risk for graft rejection. Donor preparation in DALK comprises trephination similar to PK after removal of the Descemet membrane. Donor parameters like donor age, death to preservation time, preservation time or preservation method (cold or warm storage) do not correlate with functional outcomes (Schaub et al., 2017a) . Different techniques for the removal of the recipient's corneal stroma exist. Corneal stroma can be either removed by manual lamellar dissection or by high-pressure dissection of the Descemet's membrane from the stroma followed by stromal removal. The beginning of both approaches is similar to PK in which after marking the cornea with a radial marker a trephination is performed. In contrast to PK, it is important that the trephination ends inside the corneal stroma close to the Descemet membrane without perforation (incomplete trephination). Depending on the trephination system the actual resulting trephination depth can be estimated to a certain degree only. Trephination with a femtosecond laser allows a very precise trephination depth, making femtosecond laser-assisted surgery a promising tool for DALK (Buzzonetti et al., 2010; Salouti et al., 2019) .
In manual lamellar dissection crescent blades are usually used for lamellar dissection. In a variation of lamellar dissection, a blunt instrument (e.g. a spatula) can be introduced into a deep stromal pocket, close to the Descemet membrane. From that point, a blunt dissection between deep stromal layers can be performed. If available, visualization of the corneal stroma and the Descemet membrane can be improved by the use of intraoperative optical coherence tomography (iOCT) . iOCT machines are available as microscope integrated imaging devices allowing the use of OCT in the sterile surgical field. It has been shown that iOCT allows visualizing all different steps of preparation during lamellar corneal surgery.
The injection of air into deep stromal layers is a successful and very common method for the separation of corneal stroma from the Descemet membrane (Anwar and Teichmann, 2002; Riss et al., 2012 Riss et al., , 2013 . It has been shown that the dissection line after successful formation of a big bubble can be between the Descemet membrane and corneal stroma as well as in between very deep stromal lamellae . The latter is called a type I bubble and the first a type II bubble. The small layer of deep corneal stroma attached to the Descemet membrane in type I bubble formation was named after its discoverer (Dua's layer) . However, there is no clear evidence that this layer is an anatomical structure rather than an artificial formation of a stromal layer caused by pneumodissection .
Complications, preventive measures and outcomes
The spectrum of complications in DALK shares some similarities to complications occurring during PK. However, in contrast to PK primary graft failure due to endothelial decompensation is less likely to occur after DALK. Moreover, the risk of intraoperative hypotension and its associated risk of suprachoroidal bleeding is considered to be lower in DALK compared to PK. However, there are some DALK specific complications which are related to the Descemet membrane-stroma-interface that does not exist in PK.
A very common intraoperative complication is the inability of Descemet membrane separation from the corneal stroma. The drawback of pneumatic dissection is the reduced success rate varying roughly between 50 and 90% even in the hands of experienced surgeons (Goweida, 2015; Sarnicola et al., 2016) . After unsuccessful attempts of air injection without big bubble formation, a manual dissection of corneal stroma can be considered which results in a low overall conversion rate to PK Schaub et al., 2017d) . During manual lamellar preparation and pneumatic dissection of the Descemet membrane, perforations of the Descemet membrane can occur. In this case, preparation in that area should be stopped and if some deeper stromal tissue is still in place it should be left for sealing the perforated area. At the end of the surgery a so called double anterior chamber formation, which simply describes the distance of the Descemet membrane from the corneal stroma after DALK, can be avoided by inflation of the anterior chamber with air or sulfur hexafluoride (SF6) gas at 20% concentration. Before inflation it needs to be ensured that a sufficient iridotomy or iridectomy with an opening at 6 o'clock position is present. It is generally recommended to perform a YAG-laser iridotomy at least the day before the planned DALK. Once the anterior chamber is filled with gas, residual fluid between the Descemet membrane and the interface can be removed via the stroma-stroma-interface.
Postoperative complications comprise of suture-related problems like suture loosening and suture related infections, high astigmatism, persistent corneal erosion as well as recurrences of the underlying disease in corneal dystrophies in similar frequency as after PK. The most common DALK specific postoperative complication in the early phase after surgery is the formation of a double anterior chamber due to the detachment of the Descemet membrane. Reasons for persistent Descemet membrane detachment after DALK include macro-and microperforations of the Descemet membrane, which can be treated by a intracameral application of an air bubble to increase the outflow of fluid from the Descemet membrane-stroma-interface.
It is generally accepted that the endothelial cell density after DALK is higher than after PK (Borderie et al., 2012; Kubaloglu et al., 2011; Reinhart et al., 2011) . Studies comparing DALK and PK for keratoconus demonstrated less endothelial cell loss when the patient's own Descemet membrane could be preserved (Borderie et al., 2011 (Borderie et al., , 2012 Cheng et al., 2011; Kubaloglu et al., 2011) . Moreover, the continuing annual rates of endothelial cell loss are less after DALK (−3.9%) than after PK (−7.8%). Most studies demonstrate no postoperative difference in astigmatism, spherical equivalent or maximum keratometry (Cheng et al., 2011; Schaub et al., 2017d; Sogutlu Sari et al., 2012) . If separation of the Descemet membrane and the corneal stroma succeeds by pneumatic dissection, visual acuity and central corneal thickness are equal after DALK and PK (Borderie et al., 2012; Reinhart et al., 2011) . However, when manual dissection for stroma removal in DALK is needed and not all stromal tissue can be removed, the resulting visual acuity is reduced and central corneal thickness is thicker compared to post-PK (Borderie et al., 2012) .
Endothelial keratoplasty (EK)
Endothelial keratoplasty (EK) procedures comprise selective replacement of Descemet membrane and the adherent corneal endothelial cell (CEC) layer. EK is generally performed in a minimally invasive fashion avoiding an "open sky" situation. Moreover, only few or no sutures are used to close the surgical incisions. Important benefits of EK compared to PK include better functional outcome, faster visual recovery, reduced risk of hemorrhage and infection, less astigmatism, less corneal denervation, a tectonically more stable result, less vessel growth, and fewer graft rejection episodes (Anshu et al., 2012; Bachmann et al., 2008b Bachmann et al., , 2017 Baydoun et al., 2016a; Hos et al., 2017b) . Two EK procedures, namely DSAEK and DMEK have emerged as standard techniques for the treatment of corneal endothelial dysfunction. DSAEK includes selective removal of the diseased Descemet and corneal endothelium and transplantation of a stroma-Descemet-endothelium lamella, whereas in DMEK, only the donor-Descemet with endothelium is grafted.
2.3.1. Descemet stripping automated endothelial keratoplasty (DSAEK) 2.3.1.1. Indications and surgery. DSAEK is performed for the treatment of corneal endothelial disorders without advanced and irreversible scarification of the corneal stroma. Indications are mostly congruent to the spectrum of DMEK indications and will be specified in more detail in section 2.3.2. DMEK is generally considered to provide better functional and more cost-effective results than DSAEK (Gibbons et al., 2019) . However, due to its increased thickness a DSAEK graft may be easier to unfold and may provide advantages in EK with complicated anatomical and surgical preconditions. This is mostly applicable in eyes of infants/newborn and eyes with hypotony and silicone oil.
Tissue preparation for DSAEK may occur in an intraoperative setting by the ophthalmic surgeon or in a preoperative setting at the eye bank (Price et al., 2008) . The corneal epithelium and the anterior stroma are removed at a nominal thickness of 300, 350 or 400 μm either manually for DSEK surgery or using a microkeratome for DSAEK surgery Cursiefen et al., 2009b) . Microkeratomecut, and particularly ultra-thin grafts have been linked to faster visual recovery and better visual outcome (Busin et al., 2013; Schaub et al., 2017b) . The graft is routinely excised from the prepared lamella with an 8, 8.5 or 9 mm trephine (Cursiefen et al., 2009b) . In the recipient, a clear-cornea tunnel and two paracenteses are created. A preexisting iridotomy may be spread open or an iridectomy may be performed. A large descemetorhexis is torn under air insufflation (Melles et al., 2004) . The variety of implantation procedures may be divided into three methods: forceps, glides and mechanical injectors . When implanted using forceps, the tissue is two-or trifolded and pulled with forceps into the anterior chamber. When implanted with a glide, unfolding of the graft is facilitated as it is drawn into the anterior chamber (Fig. 2) . Insertion devices may be preloaded and may show significant differences in design, construction material, insertion technique, dimensions, incision requirements and endothelial cell loss (Khan et al., 2015) . The anterior chamber is restored. The inserted stroma-Descemet-endothelium lamella is positioned centrally in the recipient bed and fixed by injection of air or a 20% SF6 gas bubble. The incisions are closed by hydrogenation or by sutures. Corneal surface massage and small stromal incisions may facilitate the removal of residual fluid from the interface (Price and Price, 2006) . The reader should note that the DSEAK procedure described in this section is based on the authors' own preferences and that many other variations exist.
2.3.1.2. Complications, preventive measures and outcomes. The most common complication after DSAEK surgery is inadequate graft attachment. However, there is a significant decrease in complications within the learning curve of the surgeon (Price and Price, 2006) . Due to spontaneous reattachments, a re-bubbling procedure is only required to treat advanced or complete graft detachments . In addition, primary or secondary graft failure, rejection, carryover of debris into the interface, pupillary block, increased intraocular pressure and Urrets-Zavalia syndrome, epithelial invasion, retinal detachment, cystoid macular edema, and hemorrhage are less common complications (Suh et al., 2008) . Graft survival after DSAEK seems to be at least as good as after PK (Ang et al., 2016; Hjortdal and Ehlers, 2009; Price et al., 2011) . A hyperopic shift of about 1.13 diopters needs to be considered (Covert and Koenig, 2007; Price et al., 2017) . After DSAEK, a significantly faster visual rehabilitation may be expected compared to PK. Li et al. found that the percentage of patients achieving 20/25 BCVA was 36.1% at 6 months and 70.4% at 3 years after DSAEK (Li et al., 2012a) . The percentage of patients reaching BCVA of 20/20 was 11.1% at 6 months and 47.2% at 3 years (Li et al., 2012a) . Wacker et al. observed BCVA of 20/25 or better in 26% of DSAEK patients at 1 year and in 56% of patients at 5 years (Wacker et al., 2016) . These studies demonstrated that visual improvement does not plateau and suggest a continual remodeling process of the corneal tissue even five years after DSAEK (Li et al., 2012a; Wacker et al., 2016) . CEC loss after DSAEK is about 32% at one year and about 7-9% annually over the following years (Wacker et al., 2016) resulting in a total CEC loss of about 47-55% at 5 years (Price et al., , 2018 Wacker et al., 2016) . Of note, although the total number of posterior lamellar keratoplasties performed in Germany is continuously increasing due to the dramatical increase in DMEK surgeries, the number of performed DSAEK surgeries decreased over the past years. Of 4169 posterior lamellar keratoplasties carried out in Germany during 2016, 319 were still performed as DSAEK (Flockerzi et al., 2018) . Ultrathin (UT)-DSAEK may become an ideal combination of pros and cons of both DSAEK and DMEK in the future .
Descemet membrane endothelial keratoplasty (DMEK)
DMEK comprises selective transplantation of the corneal endothelium and the Descemet membrane (Cursiefen and Kruse, 2010) . Main advantages of DMEK over previous posterior lamellar keratoplasty procedures are the very low graft rejection rate, the rapid visual recovery, and the fact that the surgical procedure itself requires little technical equipment. However, DMEK is considered an intervention with higher difficulty level and technically more demanding than DSAEK.
2.3.2.1. Indications and surgery. Indications for DMEK include all corneal disorders with advanced corneal endothelial dysfunction that lack irreversible scarring of the deep corneal stroma, such as Fuchs endothelial corneal dystrophy (FECD), pseudophakic/aphakic bullous keratopathy as well as endothelial decompensation following intraocular surgery and graft failure following previous keratoplasty (Cursiefen and Kruse, 2010) . More rare indications include pseudoexfoliation keratopathy, irido-corneo-endothelial (ICE) syndrome, central Haab striae-related edema in buphthalmus, and endothelial dystrophies other than FECD such as posterior polymorphic corneal dystrophy or congenital hereditary endothelial dystrophy (Matthaei et al., 2018) . Scarring of the anterior cornea is not a general contraindication for DMEK and often regresses postoperatively or may be removed by phototherapeutic keratectomy in a second step. A variety of graft dissection methods and DMEK surgical techniques have been previously described, and the description of the DMEK procedure here is based on the authors' own preferred procedure and experience. We perform graft dissection at our institution as described previously Price et al., 2009a) . Here, the edge of the Descemet membrane is circularly lifted towards the center with two pairs of suturing forceps leaving a central area of about 2 × 2mm unstripped. The Descemet endothelium complex is then trephined and stained with trypan blue. Finally, the graft is completely peeled off and is loaded into the cartridge of an intraocular lens shooter (Fig. 3) .
After graft dissection for DMEK in a first recipient, the anterior part of the same donor tissue may be used for a DALK-procedure in a second recipient (Heindl et al., 2011b; Schaub et al., 2015) . In this process called split-cornea transplantation, a single graft may be used for one DMEK and one DALK surgery, respectively, thus contributing to the reduction of global donor tissue shortage (Heindl et al., 2011a (Heindl et al., , 2011b (Fig. 4) . It has been demonstrated by several studies that split corneal transplantation may be integrated as a safe procedure into clinical practice (Heindl et al., 2011b Schaub et al., 2015) .
In the recipient, an iridotomy or iridectomy is required to prevent postoperative pupillary block after anterior chamber endotamponade. We usually perform a YAG-iridotomy the day before surgery in order to minimize the risk of intraoperative bleeding. Initially, a clear-cornea tunnel and two paracenteses are created. A preexisting iridotomy may be spread open or an iridectomy may be cut. A large Descemetorhexis is torn under air insufflation using a reversed Sinskey hook or Price hook. Under irrigation, the graft is then injected into the anterior chamber (Matthaei et al., 2018) . and is unrolled by gentle tapping on the cornea, and it may be helpful to vary the depth of the anterior chamber. Afterwards, the graft is fixed in the recipient bed with an air bubble and the anterior chamber is filled to about 80% with 20% SF6 gas (Fig. 3) (Gorovoy, 2014; Schrittenlocher et al., 2018) . Graft detachment represents the most common complication after DMEK and seems to occur more often than after DSAEK (Stuart et al., 2018) . The number of re-bubblings was significantly reduced after changing the endotamponade from room air to SF6 20% gas Schaub et al., 2017c) and is now less than 3% depending on the study (Gorovoy, 2014; Rodriguez-Calvo-de-Mora et al., 2015) . Small laminar detachments often attach spontaneously. Larger detachments, especially if they show rolled-up edges, often need to be treated by re-bubbling (Bucher et al., 2015) . However, there are still no standardized criteria for the necessity and timing of re-bubbling. Increases in intraocular pressure after DMEK in the shorter interval are usually caused by pupillary block. The occurrence of a pupillary block can be prevented by a basal iridotomy or iridectomy, by an early release of gas from the anterior chamber or by incomplete endotamponade during the procedure. Calcification of the IOL is a rare complication with an incidence of about 2% (Schrittenlocher et al., , 2018 . The pathomechanism of the IOL calcification is still not fully understood.
Cystoid macular edema (CME) occurs after DMEK with an incidence of about 10% and is therefore a common complication (Heinzelmann et al., 2015; Hoerster et al., 2016) . A significant drop in incidence to almost complete elimination of CME as a complication after DMEK was seen after the introduction of intensified topical postoperative corticosteroid therapy, with hourly topical corticosteroids in the first postoperative week (Hoerster et al., 2016) . So far, there is no report on the use of non-steroidal anti-inflammatory drugs (NSAIDs) to reduce CME after DMEK/Triple-DMEK surgery. It is imaginable that NSAIDs could be useful, as in cataract surgery (Ray and D'Amico, 2002; Wielders et al., 2017) . Nevertheless, clinical trials would be needed to provide evidence whether NSAIDS are effective in reducing CME after DMEK/ Triple-DMEK surgery.
Particularly when DMEK is combined with cataract surgery, a hyperopic shift needs to be considered in the selection of the IOL. Refractive changes occur most likely due regression of corneal edema. This hyperopic shift is usually about 0.6 diopters and counteracted by many surgeons through myopic target refraction. The risk of hyperopic shift seems to be increased especially in a central flat, oblate posterior cornea (Fritz et al., 2019) . The average hyperopic shift appears to be slightly lower after DMEK than after DSAEK (Deng et al., 2018; Droutsas et al., 2016; Hamzaoglu et al., 2015; Tourtas et al., 2012) . Our own data demonstrate a mean increase in BCVA from 20/62 before DMEK to 20/27 at 6 months and to 20/25 at 12 months after DMEK (Schrittenlocher et al., 2018) . Ham et al. reported BCVA of 20/25 or better in 73% of eyes and of 20/20 or better in 44% of eyes at 6 months and of 20/25 or better in 83% of eyes and of 20/20 or better in 54% of eyes at 4 years (Ham et al., 2016) . Peraza-Nieves reported BCVA of 20/ 25 or better in 81% of eyes and of 20/20 or better in 49% of eyes at 12 months and of 20/25 or better in 82% of eyes and of 20/20 or better in 52% of eyes at 2 years (Peraza-Nieves et al., 2017) . Endothelial cell loss in the postoperative course seems to be similar between DMEK and DSAEK (Price et al., 2018) . Endothelial cell loss after DMEK in our own studies was about 38% at 12 months (Schrittenlocher et al., 2018) . Ham et al. reported endothelial cell loss after DMEK of 33.9% at 6 months, 37,6% at 1 year and 52,6% at 4 years (Ham et al., 2016) . Peraza-Nieves reported endothelial cell loss after DMEK of 37% at 6 months, 40% at 1 year and 45% at 2 years (Peraza-Nieves et al., 2017), while Price et al. reported an endothelial cell loss of 48% at 5 years (Price et al., 2018) . Visual recovery after DMEK has generally reached a stable level after six months and is considered to be faster than after DSAEK (Singh et al., 2017) . In direct comparison, DMEK also provides better long-term visual acuity outcome than DSAEK (Stuart et al., 2018) . In a current study, we could demonstrate that even eyes with poor preoperative visual acuity reach very good postoperative results, although visual acuity of < 20/80 preoperatively was associated with significantly longer recovery and reduced final BCVA (Schrittenlocher et al., 2019) .
3. Immunology of corneal transplantation and corneal (lymph) angiogenic privilege 3.1. Immune privilege and (lymph)angiogenic privilege of the cornea For the immune response after organ or tissue transplantation, Wayne Streilein introduced an analogy to the neural reflex arc, namely the "immune reflex arc" (Streilein, 1999) . Herein the afferent arm is defined as an antigenic signal captured in the periphery and transmitted to secondary lymphoid tissues via lymphatic vessels. At the central processing mechanism the antigenic signal is transduced into effector modalities like B-lymphocyte derived antibodies and effector T lymphocytes. The efferent arm then represents the delivery of these effectors to the site of antigen (usually via the blood circulation), leading to its elimination (Cursiefen et al., 2003; Streilein, 1993 Streilein, , 1999 Streilein, , 2003 . Inflammatory insults usually lead to an altered immune response at the cornea, which is due to loss of the so called immune privilege of the cornea. Fig. 4 . Principle of split cornea transplantation to reduce human corneal tissue shortage. One donor cornea is used for two recipients by combining deep anterior lamellar keratoplasty (DALK) e.g. for a keratoconus patient and Descemet's membrane endothelial keratoplasty (DMEK) e.g. for a Fuchs' endothelial dystrophy patient. From (Heindl et al., 2011) .
This phenomenon of an altered immune response in the eye was first experimentally analyzed by Sir Peter Medawar in 1948 where he implanted skin grafts into the anterior chamber of rabbits. He observed that skin grafts adjacent to the corneal endothelium survived whereas skin grafts attached to the iris were rejected. He explained these findings with the additional observation that only the iris associated grafts were penetrated by blood vessels. Thus, Medawar concluded already at that time that vessels are crucial for a sufficient immune response against foreign tissue (Medawar, 1948) . Later on, Medawar defined the principal of acquired immune tolerance against self-and foreign antigens (Billingham et al., 1953) for which he together with Frank Burnet received the Nobel Prize in Physiology or Medicine in 1960. Thereby, the importance of transplantation models to explore basic and translational questions in immunology was demonstrated.
In contrast to non-immune privileged sites, the presentation of antigens to the anterior chamber (AC) provokes a series of immunological responses, which are characterized by the generation of non-complement antibodies (IgG1 isotope in mice), the formation of cytotoxic T lymphocyte (CTL) precursors and an absence of a normal delayed type hypersensitivity (DTH) response Niederkorn, 1990; Streilein, 1993; Streilein et al., 1992) . For example, P815 mastocytoma cells (derived from DBA/2 mice) with a characteristic fast immunogenic effect after subcutaneous transplantation into allogenic BALB/c mice can escape an immunologic rejection in the AC (Niederkorn et al., 1981; Streilein et al., 1980) . The fact that P815 tumor allografts were consequently rejected outside the eye shows that the growth of these highly immunogenic tumors in the eye is facilitated by the down regulation of a cell-mediated immunity. So, CD8 + CTL precursors invading in the intraocular tumor are not able to differentiate completely to gain their cytolytic function (Ksander et al., 1991; Ksander and Streilein, 1990) . The immune privilege of the anterior part of the eye is achieved by several unique features of this site: a) Absence of blood and lymphatic vessels in the central cornea (corneal [lymph] angiogenic privilege; reviewed in chapter 4.3.3.) (Cursiefen, 2007) . b) Presence of secretory immunomodulatory factors. Soluble immunomodulatory factors in the AqH such as α-Melanocyte-stimulating hormone (α-MSH) and Vasoactive intestinal peptide (VIP) are secreted from the ciliary body. AqH has been shown to have an inhibitory effect on a variety of inflammatory cells (Streilein and Stein-Streilein, 2000; Taylor, 1999) : CD4 + T cells in their proliferation and secretion of effector cytokines; polymorphonuclear neutrophilic granulocytes in their destructive potential; macrophages in the production of reactive oxygen intermediates and nitric oxide; natural killer cells in their capacity to lyse target cells. On the other hand, AqH does not impair the capacity of functional cytotoxic T cells to lyse their specific targets and neutralizing, noncomplement-fixing antibodies retain their properties when AqH is present. The immunosuppressive factors transforming growth factor-β (TGF-β), thrombospondin-1 and -2 (TSP-1/TSP-2) are secreted from the cornea, the iris pigment epithelium (IPE) and the retinal pigment epithelium (RPE) (Cursiefen et al., 2004c; Horie et al., 2009; Jeong et al., 2019; Tandon et al., 2010) . It was shown in this context, that T cells are altered in their immunological function when passing the ocular pigment epithelium (Wenkel and Streilein, 2000; Yoshida et al., 2000a Yoshida et al., , 2000b ) c) Corneal endothelial cells promote apoptosis of CD95 + T cells by the CD95 ligand (Osawa et al., 2004; Stuart et al., 1997) . Additionally, corneal endothelial cells express only low levels of major histocompatibility complex (MHC) class I molecules thereby preventing the recognition of corneal endothelial cells by T cells. This prevents destruction of the corneal endothelium and protects the visual axis (Streilein and Stein-Streilein, 2000) . Also, in the normal uninflamed cornea MHC class II-negative Langerhans cell-type dendritic cells (DC) in an immature state are present .
These mechanisms are responsible for the exceptionally high success of corneal transplantation when compared to other tissue and organ transplantations. Nevertheless, immune-mediated corneal allograft rejection can still occur, especially after PK. Although the early outcomes of corneal transplantation in avascular so-called low-risk recipients are typically very good (90% at 1 year after surgery) (Williams et al., 2006) , the situation is very different in case of an inflamed and vascularized recipient cornea, e.g. due to chemical or thermal burns, herpes infections or history of previous graft rejection. In these cases, the one-year survival rate can decrease to below 50% Williams et al., 2006) , with immune-mediated allograft rejection being the most common cause for graft failure. In fact, there is a direct correlation between the number of corneal quadrants being vascularized and the risk of immune reactions after keratoplasty . For molecular details on corneal (lymph)angiogenic privilege see chapter 4.3.3.
Role of direct and indirect allo-sensitization in corneal transplant immunology
Corneal allograft rejection is histologically characterized by infiltration of CD4 + T-cells, macrophages and the invasion of blood and lymphatic vessels. Significant numbers of neutrophils and natural killer cells (NK cells) were also found in the cellular infiltrates (Bradley, 2002; Forrester et al., 2010; Hegde et al., 2005; Kuffova et al., 2001; Torres et al., 1996) . Furthermore, CD11c + CD11b + DCs are present throughout the anterior stroma. Inflammatory stimuli determine the maturation stage of DCs and their immunogenic properties. It is known that an increasing number of MHC class II-bearing, antigen specific DCs in cervical draining lymph nodes arise only a few hours after transplantation (Forrester et al., 2010) . This suggests that DCs at different maturation stages might be the main initiators of allograft rejection (Forrester et al., 2010; Hamrah et al., 2002; Maruyama et al., 2005; Novak et al., 2003; Yamagami and Amano, 2003) . The origin of these antigen presenting cells (APCs) can be from the donor tissue or the host. Thereby allo-antigens from the grafted tissues travel via lymphatic vessels towards the draining lymph nodes of the recipient. In this context, we could show previously that lymphatic rather than blood vessels determine the high-risk status of a corneal graft recipient (Dietrich et al., 2010) . Allo-antigens in the lymph nodes are recognized by host T cells either by the direct pathway, which involves the recognition of intact donor MHC molecules on donor-derived APCs, or by the indirect pathway, which involves the recognition of donor major or minor MHC-derived peptides, processed and presented by host APCs to T cells (Fig. 5 ). In the low-risk setting the indirect pathway is predominant, whereas in the high-risk setting both the direct as well as the indirect pathway are involved (Huq et al., 2004; Sano et al., 2000) . Nowadays it is widely accepted that resident MHC class II − APC populations are present in the cornea at constitutive state (Hamrah et al., 2003a (Hamrah et al., , 2003b . These cells are capable of expressing MHC class II antigen and accessory molecules (CD40, CD80) after transplantation (Boisgerault et al., 2009; Huq et al., 2004; Liu et al., 2002) . It has been demonstrated that allograft rejection in the high-risk situation can be triggered by the above described "direct allo-sensitization pathway" where APCs travel from the donor tissue via corneal pathological lymphatic vessels into the local draining lymph nodes of the recipient and present the foreign antigen. Using TSP-1 −/− mice we could show that allo-sensitization of the host against the graft can be also mediated by donor derived APCs. Using donor tissue from TSP-1 −/ − mice resulted in a significantly increased rejection rate compared to the wild type control grafts. The graft derived TSP-1 negatively regulated the direct type of allo-sensitization, but not the indirect type . Taken together, both (direct and indirect) allo-sensitization pathways can be employed by the host's immune system to induce allograft rejection, with the direct pathway being mostly responsible for the faster and more robust rejection reaction in the high-risk setting. The proinflammatory microenvironment in the high-risk setting increasing the maturation status of APCs (Huq et al., 2004; Salabarria et al., 2019) as well as the presence of a vascular network providing faster egress of APCs seem to support this pathway.
Similarities and differences between keratoplasty and other tissue/solid organ transplantations
All allogenic tissue or solid organ transplantations introduce genetically different tissue to the recipient, which typically causes a T cell mediated immune response that leads to rejection and destruction of the transplant. The cornea represents a unique situation for tissue transplantation because of its (lymph)angiogenic and immune privilege (Cursiefen, 2007; Niederkorn, 2007; Sonoda and Streilein, 1992) . However, injury and disease can override these privileges. This is then termed "high-risk corneal transplantation" and the underlying immunologic mechanisms are comparable with other tissue or solid organ transplantations. This implies that knowledge gained in vascularized high-risk eyes may also be applicable to other sites of tissue and organ transplantation.
As described above, antigens of the graft can be presented by donor or recipient APCs to activate recipient T cells against the graft. After transplantation, the major molecules that initiate graft rejections are the MHC molecules. If a cell expresses another MHC type than the body's own ("self") it will be identified as "non-self" and get rejected. Therefore, patients and donors are usually screened for their human leucocyte antigen (HLA) types prior to transplantation (Sanchez-Fueyo and Strom, 2011; Sheldon and Poulton, 2006) . The better the similarity between the HLA types the better the transplant survival is predicted to be. In the setting of corneal transplantation, however, the most important prognostic factor is not the HLA type matching but the status of the recipient bed: Non-vascularized and uninflamed recipient beds have a high chance of accepting the corneal graft Zheng et al., 2011) . This high success rate is achievable without HLA matching or profound systemic immune suppression, being a major difference between corneal transplantations and solid tissue transplantations (Amouzegar et al., 2016; SanchezFueyo and Strom, 2011; Sheldon and Poulton, 2006) . In contrast, grafts transplanted into prevascularized corneal recipients which show a breakdown of the cornea's angiogenic and immune privilege, are rejected in up to 50% despite of immunosuppressive therapy. In these high-risk eyes, HLA matching might be beneficial, although outcome is still unsatisfactory (van Essen et al., 2015) .
Interaction of corneal cells and the immune system in corneal allograft rejection 3.4.1. Interaction of corneal vascular endothelial cells and the immune system
Neovascularization is mainly driven by members of the vascular endothelial growth factor (VEGF) family, whose expression is induced by hypoxia, inflammatory stimuli, injury or underlying diseases (Ellis and Hicklin, 2008) . The most important members of the VEGF family involved in corneal neovascularization are VEGF-A, -C and -D. VEGF-A induces both hem-and lymphangiogenesis by binding to VEGF receptor (VEGFR)1, present on blood endothelial cells (BECs) and VEGFR2, present on both BECs and lymphatic endothelial cells (LECs) (Amadio et al., 2016; Ellis and Hicklin, 2008) . In addition, it was shown that VEGF-A can also indirectly mediate lymphangiogenesis by the recruitment of VEGFR1+ macrophages, which subsequently secrete VEGF-C and -D to induce LEC proliferation (Cursiefen et al., 2004b) . VEGF-C and -D preferentially bind to VEGFR2 and VEGFR3, which are mainly present on LECs and specifically stimulate lymphangiogenesis (Ellis and Hicklin, 2008) . Besides VEGFs, there are several other important players in the angiogenic cascade, and corneal neovascularization is mainly a result of an imbalance between many pro-and anti-angiogenic factors (Abdelfattah et al., 2016) . For a detailed description of further known regulators of corneal hem-and lymphangiogenesis, we refer to chapter 4.3.3.
Pathological ingrowth of blood and lymphatic vessels into the cornea causes collateral tissue alterations such as lipid deposition, stromal edema and invasion of immune cells thereby reducing vision and interrupting corneal immune privilege. This significantly decreases subsequent corneal transplantation success (Bachmann et al., 2009; Bock et al., 2013; Cursiefen, 2007; Cursiefen et al., 2004a; Hos et al., 2015; Regenfuss et al., 2012; Zheng et al., 2011) . Inhibition of both hem-and lymphangiogenesis by trapping VEGF-A in experimental studies can significantly improve corneal graft survival (Cursiefen et al., 2004a) . Furthermore, by selectively inhibiting the ingrowth of lymphatic but not blood vessels into the cornea by the blockade of VEGFR3 Cursiefen et al., 2006) or integrin α5β1 , our group and others could demonstrate that especially lymphatic vessels play a crucial role in the mediation of corneal transplant allo-immunity in the high-risk setting (Chen et al., 2004; Dietrich et al., 2010) (Fig. 6) .
Recently, it could be demonstrated that the blockade of the prolymphangiogenic growth factor VEGF-C after corneal transplantation not only reduces corneal lymphangiogenesis, but also results in less APC maturation and migration to the draining lymph nodes in mice (Hajrasouliha et al., 2012) . In addition, it is well known that lymphatic vessel increase the expression of the chemoattractive cytokine CCchemokine ligand (CCL) 19 and CCL21 under inflammatory conditions, which is sensed by mature APCs via CC-chemokine receptor 7 (CCR7) (Ohl et al., 2004) . In this context, we could recently show that local blockade of the chemokine receptor CCR7 by administration of eye drops containing a CCR7 blocking fusion protein (CCL19 fused to the Fc part of human IgG1), leads to significantly reduced APC migration to the local lymph nodes of mice and significantly enhances corneal graft survival even in avascular corneas in the low-risk setting (Hos et al., 2016b) . Furthermore, it was shown that CCL19 and CCL21 are able to further promote APC maturation, indicating that blockade of migratory signals to APCs might also alter the immunological status of these cells (Marsland et al., 2005) .
APCs transmigrate through the lymphatic endothelium similar to the process of rolling and sticking of leukocytes in blood vessels by interaction with Intercellular Adhesion Molecule-1 (ICAM-1) and Vascular Cell Adhesion Molecule (VCAM) (Johnson et al., 2006) . In an earlier study we visualized the transmigration of highly motile single cells into LYVE-1 labeled lymphatic vessels in the inflamed murine cornea using two-photon microscopy (Steven et al., 2011) (Fig. 7) . Most recently it was shown that Dcs enter lymph vessels by hyaluronanmediated docking to the endothelial receptor LYVE-1 (Johnson et al., 2017) . Furthermore, Activated leukocyte cell adhesion molecule (ALCAM) was recently shown to be another key player in DC transmigration into afferent corneal lymphatic vessels thus experimentally allowing the promotion of graft survival by targeting ALCAM (Willrodt et al., 2019) . In other studies, leukocytes were seen to undergo extensive morphological changes during passage into the vessel lumen (Stoitzner et al., 2002 (Stoitzner et al., , 2003 . Thus, independent of the route of entry, it is likely that intimate contacts are formed between leukocytes and inflamed lymphatic endothelium which likely regulates cell transit and immune status. Podgrabinska et al. demonstrated that tumor necrosis factor α (TNF-α)-stimulated lymphatic endothelium suppresses the maturation and function of DCs in vitro showing for the first time that LECs can actively influence the function of immune cells (Podgrabinska et al., 2009) . This indicates that the interaction between lymphatic endothelium and APCs can be altered by different inflammatory, pro-or antiangiogenic stimuli, and that this APC-lymphatic interaction is key for allo-sensitization and graft rejection.
Interaction of corneal nerves and the immune system
The cornea is richly supplied by sensory nerve fibers derived from the ophthalmic division of the trigeminal nerve, mainly via the long ciliary nerves. Branches radiate into the anterior corneal stroma from an annular plexus near the limbus, whereupon they lose their myelin sheaths and form a subepithelial plexus, from which fine axons, devoid of Schwann cells, pierce the Bowman's layer to form a intraepithelial subbasal nerve plexus. Nowadays it is known that the nervous and the immune system interact intimately. Recently, this was also Fig. 6 . Absence of lymphatic vessels in the high-risk recipient cornea prior to transplantation significantly improves murine graft survival. a) Kaplan-Mayer survival curves in differentially vascularized recipient beds (BV: blood vessels; LV: lymphatic vessels); b-d) corneal whole mounts stained with CD31 (blood vessels; green) and LYVE-1 (lymphatic vessels, red) in different recipient beds. This study shows LV to be the prime mediator of immune responses after corneal transplantation. Modified from (Dietrich et al., 2010) . Fig. 7 . Transmigration of immune cells into the lymph vessel lumen at certain entry points a-e) Lymphatic vessel (LV), crossing blood vessel (BV, dotted line), corneal epithelium (blue) are imaged simultaneously by 2-photon in vivo microscopy. An individual cell (mC, red circle) migrates (yellow line) into the lymphatic vessel via a presumed gate (white star) that demonstrates an enhanced LYVE-1-antibody signal. From (Steven et al., 2011) . demonstrated for the cornea. In this regard, Paunicka et al. have shown in a mouse model of allogenic corneal transplantation, that whereas 50% of first-time corneal allografts enjoyed long-term survival, more than 90% of subsequent allografts placed in the opposite eye were rejected (Paunicka et al., 2015) . Further analysis revealed that this was due to a loss of regulatory T cell (T reg) function caused by the ablation of corneal nerves and subsequent secretion of the neuropeptide substance P in both eyes. Thus, this study indicates that also the corneal immune privilege is possibly co-regulated by the nervous system. This also opens new potential future treatment avenues.
Imaging of clinically invisible corneal lymphatic vessels
In contrast to pathologic corneal blood vessels, lymphatic vessels are clinically invisible. This has hampered their detection until specific histologic markers for lymphatic endothelium became available . In vivo imaging of lymphatics is challenging due to their specific anatomic features, namely their thin and discontinuous vessel walls and the optical transparency of the lymphatic fluid. Two-photon microscopy was the first tool to image lymphatics and lymphatic-immune cell interactions experimentally in vivo (Steven et al., 2011) (Fig. 7) . Imaging lymphatics in the clinical setting was not possible until very recently two novel approaches for easy in vivo imaging of lymphatics were described experimentally in mice:
(i) Microscopic optical coherence tomography (mOCT) imaging with an axial and lateral resolution of 1 μm allows for reliable differentiation of corneal lymphatic versus blood vessels by contrasting morphology and flow features at a cellular level (Horstmann et al., 2017) (Fig. 8 ). This complex technology has recently been integrated into a slit lamp-based imaging system. Next, clinical trials are necessary to confirm the promising experimental results, e.g. by analyzing lymphatic vessels in pathologically prevascularized corneas prior to keratoplasty and subsequent validation by immunohistochemistry.
(ii) Intrastromal fluorescein dye injection and subsequent imaging with angiography devices allow discrimination between pathologic blood and dye-uptaking lymphatics (Le et al., 2018a) (Fig. 8 ).
These two novel techniques will be key for future clinical trials using e.g. lymphatic vessel regression prior to high-risk PK as endpoints. For further validation of these methods and a broader diagnostic spectrum, a multimodal system including 2-photon-microscopy is conceivable. Furthermore, these techniques might be helpful to answer fundamental, so far unknown questions in the context of lamellar keratoplasty, for instance whether lymphatic vessels actually occur in allograft rejection after lamellar keratoplasty.
Immune reactions after penetrating keratoplasty (PK)
The cornea is among the few immune privileged sites of the body (previously described in chapter 3). Thus, corneal transplantation differs immunologically e.g. from renal, cardiac, or liver transplantation because it does not necessarily require matching of MHC-class antigens. In this context, it has previously been demonstrated in a rat model of allogenic corneal transplantation in which MHC-class antigens and minor histocompatibility (H) loci completely differed (donor: WistarFurth; recipient: Lewis), that rejection rates were about 50%. Moreover, in a model of MHC-class II mismatched transplantation (donor: DA.MR; recipient: DA.BDV), long-term allograft survival was > 90% (Ross et al., 1991a) . From these standpoints, success rates are higher for corneal than for other types of tissue transplantation (Ross et al., 1991b) . Furthermore, most corneal transplants require no systemic immunosuppressive agents or only for a very short period; topical immunosuppressive eye drops (mainly corticosteroids) are usually sufficient.
Low-risk penetrating keratoplasty (PK)
When PK is performed to treat non-inflammatory and non-vascular diseases like keratoconus or Fuchs' endothelial dystrophy, the mechanisms of corneal immune and (lymph)angiogenic privilege are intact and lead to very satisfactory graft survival rates with low risk of graft rejection ("low-risk keratoplasty"). The incidence of a graft rejection episode after low-risk PK reported in the literature varies from 4% to 20% (Alldredge and Krachmer, 1981; Boisjoly et al., 1993; Inoue et al., 2001; Williams et al., 2015) . We have also previously analyzed the incidence of endothelial graft rejection following low-risk PK. In 397 patients with a median follow-up of 18 months, endothelial graft rejection was observed in 22 cases, with most graft rejection episodes occurring between 11 and 18 months postoperatively. The percentage of grafts without any episode of endothelial graft rejection was 95% Fig. 8 . In vivo imaging of corneal lymphatic vessels. A+B) Microscopic optical coherence tomography (mOCT) vertical cross-sectional scan of a corneal lymphatic (A) and a corneal blood vessel (B). Lymphatic vessels appear as dark, mainly cell-free structures, whereas blood vessels are densely populated with fast-flowing cells. In contrast with lymphatic vessels, blood vessels exhibit hyperreflectivity in the endothelium and vessel wall. C+E) Visualization of lymphatic vessels with indirect fluorescein lymphangiography after intrastromal fluorescein injection. The fluorescein-labeled lymphatic vessels (arrows in E) are clearly detectable under the fluorescein angiography mode (C+E), but undetectable under the slit-lamp microscope (D+F). Blood vessels (arrowheads in E+F) are detectable in both fluorescein and color modes (C-F). From (Horstmann et al., 2017) and (Le et al., 2018) . Hos, et al. Progress in Retinal and Eye Research xxx (xxxx) xxx-xxx after 12 months, 89% after 18 months, and 86.5% after 24 months . Atopic dermatitis and clinically manifest tear insufficiency were two factors significantly associated with graft rejection in this study. After intensified topical and systemic corticosteroid treatment, only one graft decompensated. The remaining grafts regained clarity . In this context, we have also analyzed the impact of duration of topical corticosteroid therapy on the incidence of endothelial graft rejection after low-risk PK (Nguyen et al., 2007) . In this study including 406 eyes, postoperative treatment started with prednisolone acetate 1% eye drops five times daily and was tapered over the first six months. Afterwards, patients were randomized into either short-term (stop topical steroid treatment) or long-term treatment (continue steroids once daily for 12 months). During followup, 29 eyes (7.1%) developed an endothelial graft rejection episode. Graft rejections were significantly more common in the short-term (19 of 202; 9.1%) compared with the long-term treatment group (10 of 204: 4.9%), indicating that long-term, low-dose topical corticosteroid treatment significantly reduces the risk of graft rejection (Nguyen et al., 2007) . Similar to the study by Kuchle et al., most rejection episodes were observed between 11 and 25 months postoperatively Nguyen et al., 2007) .
High-risk penetrating keratoplasty (PK)
As described, the host cornea in a low-risk PK setting has an immune privileged and avascular status, which contributes to low rejection rates after transplantation. In contrast, if the corneal immune and (lymph) angiogenic privilege is lost due to severe inflammation and vascularization and corneas are grafted into non-immune privileged, prevascularized recipients ("high-risk keratoplasty"), the risk of graft rejection significantly increases, even with HLA-matching and systemic immunosuppression (Cursiefen et al., 2003; Niederkorn, 2010) (Fig. 9) .
Corneal neovascularization seems to be the most important risk factor for graft rejection in high-risk corneas. Williams and colleagues have previously reported on the largest cohort followed after PK and have determined graft survival rates in non-vascularized vs. vascularized recipients . In this cohort, graft survival rates were 87% after 3 years and 62% after 9 years in recipients without corneal neovascularization, whereas graft survival was significantly reduced to 70% after 3 years and 36% after 9 years in recipients with corneal neovascularization.
If the recipient cornea contains preexisting pathological lymphatic vessels before transplantation, APCs can easily migrate through these vessels to regional lymph nodes, leading to accelerated allograft sensitization. Furthermore, vascularized corneas produce chemokines that can activate T cells, which have been shown to be critical mediators of corneal graft rejection. Blockade of T cell activation significantly reduced graft rejection rates even in vascularized high-risk corneas to similar levels seen in low-risk corneas (Amescua et al., 2008) . Thus, vascularization of the recipient cornea impairs corneal immune privilege also via the recruitment of immune effector cells and secreted immune effector elements, leading to rapid rejection of grafted corneas in the absence of aggressive immunosuppressive therapy. Therefore, high-risk PK is usually performed after an uninflamed and quiescent interval, when blood and lymphatic vessels have partially regressed. In this context, we have previously shown in the experimental setting that regressed corneal blood and lymphatic vessels are reformed after grafting, and that transient postoperative VEGF-neutralization improves graft survival in these corneas (Bachmann et al., 2009 ). In addition, anti-VEGF treatment also suppresses inflammatory cell recruitment, e.g. of innate immune cells such as macrophages (Cursiefen et al., 2004a (Cursiefen et al., , 2004b . Therefore, anti-VEGF therapy represents an important option for reducing graft rejection rates in vascularized high-risk corneas.
Corneal graft rejection was thought to be triggered mainly via Th1 immune responses such as interferon-γ (IFN-γ) secreting, activated T cells. However, a study by Hargrave et al. demonstrated that the rate of corneal transplant rejection in IFN-γ deficient mice and wild-type mice did not differ when MHC-mismatched corneal grafts were transplanted, indicating that MHC-mismatched corneal allografts can undergo rejection also in the absence of IFN-γ. By contrast, corneal allografts that were MHC-matched but mismatched at all minor-H loci were rejected in about 50% of the wild-type hosts, but were not rejected in any of the IFN-γ hosts, indicating that only immune responses against minor-H depend on Th1 immune responses (Hargrave et al., 2004) .
As already mentioned, atopic dermatitis is an established risk factor for graft rejection after PK even without clinically detectable ocular involvement (Nguyen et al., 2009; Reinhard et al., 1999) . Allergic disease is also regarded as an important risk factor for immune reactions after PK (Ghoraishi et al., 1995) . In the experimental setting, mouse models of allergic asthma or airway hyperactivity usually reject transplanted corneas at rates of 90-100% (Niederkorn et al., 2009 ). Both Th1 and Th2 cytokines are highly activated in allergic states (Randolph et al., 1999; Stern et al., 2005) . In fact, only Th2 cell transfer could prolong graft survival in host mice compared with control mice, compared with transferred Th1 cells or Th1 combined with Th2 cells (Niederkorn et al., 2010) . Therefore, even if the cornea of an allergic host is not vascularized, there is a high-risk of graft rejection, and persistent inflammation should be suppressed before undergoing transplantation.
Infection with herpes simplex virus-1 (HSV-1) is also a high-risk phenotype. Corneal neovascularization, the most critical factor in allograft rejection, frequently occurs during infection with HSV-1. Furthermore, corneal HSV-1 infection results in persistent corneal inflammation related to both innate and adaptive immune responses (Kuffova et al., 2016) . Therefore, corneal neovascularization and innate and adaptive immune responses must be controlled at the time of PK into an HSV-1 infected host. In this regard, it has previously been shown that recipients with history of but not active HSV-1 infection show significantly better graft survival than recipients with active HSV-1 infection (history of HSV-1: 84% survival at 3 years postoperatively vs. active HSV-1 infection: 64% survival at 3 years postoperatively) .
Besides these major risk factors, further factors associated with increased risk of graft rejection are any other type of keratitis/inflammation, clinically manifest tear insufficiency/dry eye disease, young recipient age, and history of previous graft rejection (Maguire et al., 1994; Panda et al., 2007) . Increased graft size or excentric grafts are also associated with increased risk of graft rejection, arguably due to the proximity to the limbal blood and lymphatic vasculature. Preoperative glaucoma, previous anterior segment surgery and, anterior iris synechiae also seem to increase the risk of graft rejection (Maguire Fig. 9 . Graft rejection after (high-risk) penetrating keratoplasty. Endothelial immune reaction after penetrating keratoplasty presenting with corneal edema, endothelial precipitates and a classical "Khodadoust-line" (black arrows). Note the corneal blood vessel (black arrowhead). et al., 1994) . Loose sutures have also been identified as risk factor of graft rejection, both in the low-and high-risk setting, arguably due to induction of inflammation and infection. Accumulated inflammatory cells then become triggers for antigen presentation due to upregulated local HLA and minor H antigens (Jonas et al., 2002) .
Taken together, the corneal immune and (lymph)angiogenic privilege are abrogated in the high-risk setting, generating an immunological scenario which is similar to transplantations in any other, non-immune privileged tissue or organs.
4.3. Prevention of immune reactions after PK: current state of the art and future options 4.3.1. Immunomodulatory therapy in high-risk penetrating keratoplasty (PK) High-risk PK often requires immunomodulatory therapy over several months. Immunosuppression is generally assured by topical and systemic therapeutics. In addition to corticosteroids, which may be considered as gold-standard in ocular immunomodulatory therapy, routinely applied substances particularly include Cyclosporine A (CsA) and Mycophenolate Mofetil (MMF). Other agents, including tacrolimus and rapamycin, were not yet able to fully assert themselves in clinical practice which may be mostly explained by an increased range of side effects. Importantly, a fully defined treatment strategy for pharmacological immunomodulatory therapy in high-risk PK has not yet been established. Novel agents are still under development or clinical investigation (Abud et al., 2017) .
4.3.1.1. Corticosteroids. Corticosteroids are the mainstay in ocular immunomodulatory therapy. The effect of corticosteroids is mediated by the intracellular glucocorticoid receptor, which is a member of the nuclear receptor family of ligand-activated transcription factors acting through genomic and non-genomic pathways (Ramamoorthy and Cidlowski, 2016) . The various forms of corticosteroids may be applied via the topical (intrabulbar, subconjunctival injection, eyedrops/ointment) and systemic (oral or intravenous) route. Corticosteroids are part of the standard high-risk PK therapy and are generally applied short-term systemically and longer-term topically. The systemic dosage initially amounts to about 1 mg per kg body weight and is then successively tapered down. Systemic side effects include diabetes, impaired wound healing, skin atrophy, muscle atrophy, peptic ulcers, hypertension, metabolic syndrome, osteoporosis, and water/electrolyte imbalance (Ramamoorthy and Cidlowski, 2016) . Ocular side effects include cataract induction, wound healing disorders, and secondary glaucoma. The multiple side effects limit long-term application of systemic steroids and their topical application is generally considered insufficient as sole long-term immunotherapy in high-risk PK.
4.3.1.2. Cyclosporine A (CsA). CsA is a macrolide drug and has been applied in the context of corneal transplantation since the 1980s (Hill, 1989; Hoffmann and Wiederholt, 1986) . It belongs to the substance group of calcineurin inhibitors. CsA binds to cytoplasmic cyclophilin A or D thereby inhibiting calcineurin, which results in a downregulation of the interleukin (IL)-2 pathway and helper and cytotoxic T cell differentiation and activation (Ziaei et al., 2016) . Topical and systemic forms of application are popular in the treatment of a variety of ocular disorders. As with corticosteroids, there is no consensus on the therapeutic effectiveness and thus its recommended application (Abud et al., 2017) . Blood levels of about 200 μg/L are required for the effective treatment of graft rejection. Due to the numerous side effects, however, blood levels of 130-170 μg/L are often preferred (Ziaei et al., 2016) . The most common side effects include nephrotoxicity, hypertension, gingival hyperplasia, hepatotoxicity, gastrointestinal toxicity, increased susceptibility to infections, lymphoproliferative disorders, anemia, hyperlipidemia, and hirsutism (Ziaei et al., 2016) .
The study situation regarding the outcome of systemic CsA therapy in the context of post keratoplasty management is controversial (Hill, 1994 (Hill, , 1995 Shimazaki et al., 2011; Ziaei et al., 2016) . Individual studies raise doubts about the benefits of systemic CsA therapy (Poon et al., 2001; Shimazaki et al., 2011) . Due to the numerous side effects, regular monitoring is crucial.
4.3.1.3. Mycophenolate Mofetil (MMF). The antimetabolite MMF has been used since the 1990s as an alternative to CsA for the treatment of high-risk PK. Additional applications in ophthalmology include inflammatory diseases such as uveitis, scleritis, and mucous membrane pemphigoid (Thorne et al., 2005) . MMF is a prodrug of the active substance mycophenolic acid (MPA). MMF inhibits inosine monophosphate dehydrogenase and interferes with the synthesis of guanosine nucleotides. It has a selective cytostatic effect on T and B lymphocytes. In a prospective randomized clinical trial Reis et al. demonstrated that 2g MMF daily is as effective as CSA in preventing acute rejection following high-risk PK within the follow-up period of approximately 1 year (Reis et al., 1999) . A retrospective study by Birnbaum et al. demonstrated a superior effect of MMF compared to CsA in preventing immune reactions after high-risk PK and comparable clear graft survival for both agents (Birnbaum et al., 2005) . The positive effect of MMF on reduction of immune reactions and on graft survival after high-risk PK has been confirmed in further studies (Birnbaum et al., 2009; Reinhard et al., 2005; Szaflik et al., 2016) . In particular, the fact that only few serious side effects occur under MMF treatment proves to be advantageous. The side effects of MMF include gastrointestinal disorders, liver dysfunction, and bone marrow suppression (Thorne et al., 2005) . Compared to CsA, MMF therapy has only little effect on renal function, and features a broad therapeutic range with better dosing and less requirement for clinical monitoring.
Rapamycin (Sirolimus).
Rapamycin is also a macrolide compound such as CsA but in contrast to CsA no calcineurin inhibitor. It binds to the cytosolic protein FK-binding protein 12. This complex inhibits the mammalian target of rapamycin (mTOR) pathway and inhibits T cell and B cell activation and secretion of IL-2 (Mukherjee and Mukherjee, 2009) . The number of studies on the use of Rapamycin in conjunction with high-risk PK is still very limited: Birnbaum and colleagues compared Rapamycin (10 patients) and MMF (24 patients) after high-risk PK in a pilot study. The authors found similar efficacy of both agents in preventing immune reactions, especially during the first 6 postoperative months (Birnbaum et al., 2006) . However, they also showed side effects in all of the rapamycin-treated patients, in particular hypercholesterolemia, furunculosis, exanthema, hypertriglyceridemia, elevation of Lactatdehydrogenase (LDH), as well as gastrointestinal side effects (Birnbaum et al., 2006) . Chatel and Larkin investigated the dual use of Rapamycin and MMF (Sirolimus + MMF for 1 year, then Rapamycin alone for 2 years) in six patients with high-risk PK in a prospective interventional case series (Chatel and Larkin, 2010) . Over a follow-up interval of at least 13 months, 5 out of 6 grafts remained clear. There were no further significant adverse effects except for MMF-related hepatotoxicity in one case. Nevertheless, Rapamycin induced hypercholesterolemia in all patients. In addition, furunculosis and possibly immunosuppression related measles infection were found as side effects (Chatel and Larkin, 2010) . Rapamycin itself exerts no nephrotoxicity.
4.3.1.5. Tacrolimus (FK506). Tacrolimus (FK506) is also a macrolide drug and belongs to the substance group of calcineurin inhibitors. In addition to high-risk PK other applications in ophthalmology include inflammatory conjunctival and corneal disorders, uveitis and graftversus-host disease (Zhai et al., 2011) . Its mechanism of action is similar to that of CsA and prevents T cell activation. Studies in the areas of liver, kidney, and pulmonary transplantation attest that tacrolimus has a higher immunosuppressive effect and a lower spectrum of side effects compared to CsA (Zhai et al., 2011) . Joseph et al. used systemic tacrolimus in high-risk PK at a daily dose of 2.5 mg over a follow-up period of about 34 months and observed clear grafts in 65% (Joseph et al., 2007) . In a non-comparative case series, Sloper et al. treated patients after high-risk PK with systemic tacrolimus at a mean dosage of 4.4 mg daily. Under this treatment regime, none of the seventeen patients (23 grafts) had irreversible graft rejection over a follow-up period of 24 months (Sloper et al., 2001) . A study by Yamazoe et al. used systemic tacrolimus in 10 eyes of 10 patients with graft failure despite CsA treatment and found significantly fewer rejection episodes and longer graft survival under tacrolimus compared to CsA (Yamazoe et al., 2014) . A retrospective case series by Dhaliwal et al. examined topical tacrolimus 0.03% in high-risk PK as a second-line treatment in steroid. During a follow-up of 33 months, none of the four patients showed a graft rejection episode during (Dhaliwal et al., 2008) .
4.3.1.6. Novel immunomodulatory agents. A very wide range of further immunomodulatory agents is currently under development and investigation. In addition to further members of the above mentioned substance groups, these include antibody-related therapeutics, small molecule inhibitors, receptor antagonists, interferons, RNA interfering compounds including morpholino oligonucleotides, and others (Abud et al., 2017) .
Role of limbal stem cells and their repair for success of high-risk grafting
In severe conditions affecting the ocular surface including injuries (such as chemical or thermal burns), genetic conditions (including aniridia) or following extreme immune reactions (Stevens Johnson Syndrome), the limbal stem cells (LSCs) can be destroyed causing limbal stem cell deficiency (LSCD). The LSCs are situated in the vascularized junction between the cornea and the conjunctiva, namely the limbus (Cotsarelis et al., 1989; Notara et al., 2010 Notara et al., , 2018 Notara and Daniels, 2008) . Their main role is to continuously replenish the corneal epithelium as they migrate and proliferate to accommodate for injuries or normal ware and tare of the tissue, thus sustaining cornea clarity. LSCD is classified as mild (or partial), where the damage extends in only part of the limbus and in severe (or total), where more than two quadrants of the limbus are involved and the central cornea is also affected (Nubile et al., 2013) . In severe LSCD other symptoms are also present including persistent inflammation and epithelial breakdown, corneal (lymph)angiogenesis and opacification; if the visual axis is affected there is considerable visual loss and ultimately blindness (OseiBempong et al., 2013; Pellegrini and De Luca, 2014; Rama et al., 2010) . These patients benefit from LSC transplantation during which (e.g. ex vivo expanded) LSCs are grafted on the diseased corneas. In January 2015, Holoclar (ex vivo expanded autologous human corneal epithelial cells containing stem cells), was the first EU-approved limbal stem cell treatment to be granted marketing authorization (Pellegrini et al., 2018) .
In severe LSCD cases, for example in severe alkali burns, LSC alone cannot restore corneal clarity as the stroma may be scarred and the endothelium is also affected as endothelial to mesenchymal transdifferentiation may occur (EnMT). Recent reports showed potential benefits of Smad7 overexpression in animal models by preventing EnMT following an alkali burn (Miyamoto et al., 2010; Sumioka et al., 2008) . The prevention of stromal scarring, however, still remains an unresolved issue. In these severe cases, it is often necessary to perform a two-step treatment using LSC transplantation followed by (penetrating) keratoplasty in order to restore visual acuity (Baradaran-Rafii et al., 2010; Basu et al., 2011; Figueiredo et al., 2015a Figueiredo et al., , 2018 Gupta et al., 2018) . Notably, ex vivo expanded LSC or limbal tissue transplantation alone may only partially improve vision in these patients. This is routinely carried out by either transplanting ex vivo cultivated autologous or allogeneic limbal epithelial cells (Rama et al., 2010; Shortt et al., 2014) or autologous cells from other sources such as the oral mucosa (Dobrowolski et al., 2015; Eslani et al., 2012; Soma et al., 2014) . However, in most cases, stromal clarity can only be restored by keratoplasty. Clinical observations demonstrate that corneal transplantation, without prior restoration of limbal stem cell function, leads to increased graft rejection in patients with severe or total LSCD (Maguire et al., 1994) . The only alternative in this case is keratoprosthesis surgery, e.g. Boston KPro . It is perceived that the stem cells play a key role in stopping the progression of blood and lymphatic vessels at the limbus thus keeping the cornea avascular. This limbal barrier prevents the development of inflammatory events including the migration of immune cells such as macrophages and T cells through the vessels, which play a key role in further progression of neovascularization as well as graft rejection (Notara et al., 2018) . While the exact mechanisms by which the limbal barrier is maintained is not clear, we have recently demonstrated that loss of the limbal stem cell character following UV damage is associated with the upregulation of proinflammatory factors in limbal epithelial cells thus contributing to immune cell infiltration and neovascularization (Notara et al., 2015 (Notara et al., , 2016 .
Although there are not many relevant studies, recent reports document the improved survival of corneal grafts following limbal tissue or stem cell transplantation. Recently, Figueiredo et al. investigated patients with unilateral total LSCD which were treated with cultured LSC transplantation followed by PK after approximately 19 months (Figueiredo et al., 2018) . Visual acuity was significantly increased following keratoplasty, while mean graft survival at 12 months was 91% and was majorly improved compared to previous reports for high-risk keratoplasty (Abud et al., 2017; Chow et al., 2015; Szaflik et al., 2016) , while it was 72% at 32 months, which was lower than reported previously (Figueiredo et al., 2015a) . Basu et al. on the other hand, reported an 80% graft survival at 12 months in younger patients suffering alkali burns who previously received LSC transplantation (Basu et al., 2011) . Specifically, corneal survival rates were majorly improved in patients who received 2-step limbal and corneal transplantation (80 ± 6%; median survival, at 4 years follow-up) compared to single-step limbal and corneal transplantation (25 ± 13% median survival at 6 months) (Basu et al., 2011) , while Gupta et al., reported similar early success rates (85% at 6 months) of keratoplasty followed by simple limbal epithelial transplantation (SLET) (Gupta et al., 2018) .
Currently there is no established consensus regarding the timing of these two-stage treatments and whether they could be also combined into a single-step procedure; based on data from different studies a twostage approach with a gap between the two steps ranging from 6 weeks to 19 months has been reported (Baradaran-Rafii et al., 2010; Basu et al., 2011; Cernak et al., 2002; Figueiredo et al., 2018; Gupta et al., 2018; Sangwan et al., 2005) . Further studies are necessary to elucidate the mechanisms by which good LSC function enables corneal graft success and to establish the guidelines for the timing between the LSC transplantation and keratoplasty. Furthermore, future studies will have to reveal the specific mechanisms whereby LSCs inhibit hem-and lymphangiogenesis, since these factors could also be used therapeutically.
Endogenous regulators of corneal hem-and lymphangiogenesis and their role in corneal transplantation
In order to maintain corneal avascularity, the precise balance of proand anti-(lymph)angiogenic factors plays a very important role. Hemand lymphangiogenesis are mainly induced by members of the VEGF family (reviewed in chapter 3.4.1). In addition to VEGFs, also fibroblast growth factor-2 (FGF-2), placental growth factor (PIGF), hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), Neuropilins, and angiopoetin have been shown to have hem-and lymphangiogenic properties (Achen et al., 1998; Bussolino et al., 1996; Heldin and Westermark, 1999; Jitariu et al., 2015; including IL-1 and TNF-α, IL-4, IL-6 and IL-10 also regulate hem-and lymphangiogenesis Hos et al., 2016a; Jiang et al., 2018; Peppicelli et al., 2014; Savetsky et al., 2015) .
Besides these activators of hem-and lymphangiogenesis, also several endogenous inhibitors of hem-and lymphangiogenesis are expressed in the cornea to prevent the pathological ingrowth of blood and/or lymphatic vessels by minor vascular stimuli. These inhibitors include soluble VEGFR1 (sVEGFR1), which serves as decoy receptor for VEGF-A, pigment epithelium-derived factor, angiostatin, endostatin, TSP-1, and TSP-2 (Ambati et al., 2006; Cursiefen, 2007; Ribatti, 2009 ). The corneal epithelium also expresses soluble VEGFR2 (sVEGFR2) and soluble VEGFR3 (sVEGFR3), which trap VEGF-C and -D and specifically inhibit lymphangiogenesis (Albuquerque et al., 2009; Singh et al., 2013) . It has been shown that the binding of VEGF-C to sVEGFR3 not only inhibits lymphangiogenesis, but also causes a regression of already formed lymphatic vessels (Makinen et al., 2001; Singh et al., 2013) . In addition to these sVEGFRs, Cursiefen et al. demonstrated that corneal epithelial cells express membrane-bound VEGFR3, which is able to bind VEGF-C and thereby maintain corneal avascularity (Cursiefen et al., 2006) .
Many experimental studies have demonstrated that modulating hem-and lymphangiogenesis after corneal transplantation can increase transplant survival: in the mouse model of low-and high-risk corneal transplantation, our group and others have previously shown that the use of VEGF Trap (R1R2) to neutralize VEGF-A inhibits corneal hem-and lymphangiogenesis and promotes corneal allograft survival (Bachmann et al., 2008a; Cursiefen et al., 2004a) . VEGF-trap (R1R2) also significantly inhibited immune cell infiltration, including macrophages and CD3 + T cells (Dohlman et al., 2015) . By using a neutralizing antibody against VEGF-A (Bevacizumab) in a high-risk corneal transplantation model, Dastjerdi et al. identified that subconjunctival application of Bevacizumab significantly reduced corneal neovascular area and prolonged graft survival (Dastjerdi et al., 2010) . Recently, this approach has been translated in the clinic, and studies have already demonstrated promising results for the treatment of corneal neovascularization in PK patients with Bevacizumab. In particular, a significant reduction of corneal neovascularization in patients topically treated with Bevacizumab after corneal transplantation has been reported (Bhatti et al., 2013b; Dekaris et al., 2015; Koenig et al., 2009 ). In addition, Bhatti et al. showed that subconjunctival injection of Bevacizumab was more effective than the topical application in reducing corneal neovascularization (Bhatti et al., 2013a) . Fasciani et al. showed the safety and efficacy of preoperative treatment of corneal neovascularization with Bevacizumab (Fasciani et al., 2015) and Dekaris et al. identified that 70% of high-risk grafts remained clear during three years of follow-up after a combined subconjunctival and topical Bevacizumab treatment (Dekaris et al., 2015) . In order to investigate the specific role of lymphatic vessels in corneal graft rejection, we have previously generated different experimental conditions in recipient mice: 1. low-risk (healthy avascular recipient bed), 2. high-risk (recipient bed vascularized with blood and lymph vessels), and 3. alymphatic high-risk (recipient bed vascularized only with blood vessels; the outgrowth of lymphatic vessels was pharmacologically inhibited). Graft survival after transplantation was similar between low-risk and alymphatic high-risk recipients, indicating that existing lymphatic vessels in the recipient have a much greater impact on graft rejection than blood vessels (Dietrich et al., 2010) (Fig. 6) . Albuquerque et al. also observed in a corneal transplantation model, that administration of sVEGFR2 reduced corneal lymphangiogenesis and enhanced corneal allograft survival (Albuquerque et al., 2009 ). Emami-Naeini et al. investigated the effect of VEGF-C and VEGF-D blockade via sVEGFR3 on corneal neovascularization and transplant survival. They demonstrated that treatment with sVEGFR3 resulted in a significant blockade of lymphangiogenesis and significantly better corneal allograft survival (Emami-Naeini et al., 2014) . In addition, treatment with sVEGFR3 significantly reduced the frequencies of allosensitized T cells and IFN-γ-producing CD4 + T cells (Emami-Naeini et al., 2014). Direct blocking of VEGF-C with anti-VEGF-C (VGX-100) in a murine model of high-risk transplantation was also effective in reducing graft lymphangiogenesis and this treatment also significantly improved survival compared to controls (Dohlman et al., 2015) . In addition, it has been shown that the administration of anti-VEGF-C not only suppressed corneal lymphangiogenesis but also inhibited trafficking and maturation of APCs (Hajrasouliha et al., 2012) . Integrins, a family of heterodimeric transmembrane glycoproteins mediating cell-cell and cell-ECM connections, have also been shown to regulate hem-and lymphangiogenesis (Garmy-Susini and Varner, 2008) . Integrin α5β1 is expressed in lymphatic vessels of the inflamed cornea and low molecular weight antagonists of Integrin α5β1 reduce inflammatory corneal lymphangiogenesis in mice whereas hemangiogenesis is not significantly affected . Further studies have identified integrin α9 as regulator of lymphatic valve formation in the cornea (Kang et al., 2016) . in this context, Kang et al. have demonstrated that treatment with anti-integrin α9 blocking antibody suppressed lymphatic valvulogenesis after corneal transplantation and resulted in a higher rate of corneal graft survival (Kang et al., 2016) .
Semaphorins are known guidance factors for axons and also play an important role in the proper orientation of blood vessels (Fukushima et al., 2011) . Within the Semaphorin family, Semaphorin 3f (Sema3F), which belongs to the class-3 semaphorins, was shown to contribute to the anti-angiogenic barriers of the eye (Buehler et al., 2013; Sun et al., 2017) . We could recently show that Sema3F is also highly expressed in the murine and human corneal epithelium and that its expression is downregulated under inflamed and vascularized conditions. Corneal epithelium-derived Sema3F suppressed lymphatic endothelial sprouting, and exogenous application of recombinant Sema3F selectively inhibited the growth of corneal lymphatic vessels after injury in mice, whereas the growth of blood vessels was not affected. Furthermore, Sema3F treatment also increased corneal graft survival after high-risk corneal transplantation in mice. Thus, Sema3F might contribute to the lymphangiogenic privilege of the cornea and could be used therapeutically to improve graft survival after high-risk corneal transplantation (Reuer et al., 2018) .
Podoplanin is a membrane-bound glycoprotein, which is strongly expressed on lymphatic endothelial cells, but not on blood endothelial cells (Baluk and McDonald, 2008) . Its role in corneal transplantation has recently been investigated. Administration of an anti-podoplanin antibody inhibited lymphatic vessel growth, led to a dramatically reduced infiltration of macrophages and significantly suppressed graft rejection in the murine corneal transplantation model (Maruyama et al., 2014) .
Taken together, there is substantial (preclinical) evidence that inhibition of corneal neovascularization improves subsequent corneal graft survival. Nevertheless, it is important to realize that the role of corneal neovascularization after keratoplasty has been mainly studied in the context of PK and not of lamellar keratoplasty. To our knowledge, there are no published reports on the role of corneal neovascularization in corneal graft rejection after lamellar keratoplasty so far.
4.3.3.1. Recently identified novel endogenous regulators of lymphangiogenesis. Our laboratory and others have recently identified several novel regulators of endogenous lymphangiogenesis. These discoveries have substantially contributed to the better understanding of fundamental principles of lymphangiogenesis, and the identified targets might be used clinically to prevent corneal graft rejection in the future.
In addition to sVEGFR2 (Albuquerque et al., 2009 ), sVEGFR3 (Makinen et al., 2001; Singh et al., 2013) , and membrane-bound VEGFR3 (Cursiefen et al., 2006) , TSP-1 and vasohibin-1 (Heishi et al., 2010) were also identified as endogenous inhibitors of corneal lymphangiogenesis. TSP-1 belongs to a family of high molecular weight glycoproteins that are secreted by various cell types. We have previously shown that TSP-1 inhibits corneal hemangiogenesis in vivo (Cursiefen et al., 2004c) . More recently, our group provided evidence that TSP-1 also inhibits lymphangiogenesis by binding to CD36 expressed on the surface of macrophages. This binding leads to an inhibition of VEGF-C production in macrophages, which in turn leads to reduced corneal lymphangiogenesis . Vasohibin-1 was originally identified as an endothelium-derived negative feedback regulator of hemangiogenesis (Watanabe et al., 2004) . Moreover, it has been shown that Vasohibin-1 also inhibits lymphangiogenesis in tumors and in the cornea (Heishi et al., 2010) .
Other newly identified regulators of lymphangiogenesis include matrix metalloproteinases (MMPs). MMPs belong to a family of zincdependent enzymes, which play key roles in degrading the extracellular matrix; their action associated with metastasis, angiogenesis and tumor invasion (Egeblad and Werb, 2002; McCawley and Matrisian, 2000) . Membrane type-1-matrix metalloproteinase (MT1-MMP) is a membrane-bound enzyme which is essential for diverse physiological processes like extracellular matrix remodeling and pericellular proteolysis (Barbolina and Stack, 2008) . MT1-MMP-deficient mice exhibit defective FGF2-induced corneal hemangiogenesis (Wong et al., 2012; Zhou et al., 2000) . Wong et al. recently demonstrated that MT1-MMP is also an endogenous inhibitor of corneal lymphangiogenesis (Wong et al., 2016) . MT1-MMP directly cleaves LYVE-1 on lymphatic endothelial cells and thereby inhibits LYVE-1-mediated lymphangiogenic responses (Wong et al., 2016) . Recently, Du et al. identified that MMP-2 and MMP-9 are also critically involved in inflammatory corneal lymphangiogenesis (Du et al., 2017) .
The AqH not only supplies the lens and the cornea with nutrients but also facilitates the removal of potentially harmful agents and contains also several immunomodulatory factors contributing to the immune privilege of the cornea (see chapter 3). Recently it has been shown that the AqH contributes to the (lymph)angiogenic privilege of the cornea and that the α-MSH and VIP partially mediate this effect . AqH also contains high amounts of TGF-β. It has previously been shown that inhibition of endogenous TGF-β signaling enhances lymphangiogenesis in a mouse model of chronic peritonitis (Oka et al., 2008) . Thus, it is likely that TGF-β is also an important regulator of the (lymph)angiogenic privilege of the cornea.
MicroRNAs (miRNAs), which are non-coding RNAs of approximately 21-24 nucleotides, posttranscriptionally regulate gene expression by inhibition of translation or mRNA degradation (Bartel, 2004; Filipowicz et al., 2008) . Recently, it has been shown that miRNAs are involved in the regulation of the transcription factor Prospero Homeobox-1 (Prox-1), which is the first identified gene whose activity is specifically important for lymphatic vessel development and maintenance (Hong and Detmar, 2003; Hong et al., 2002; Wigle et al., 2002) . Prox-1 is mainly expressed in LECs and has no influence on the development and function of BECs (Wigle et al., 2002) . Despite the importance of Prox-1 for lymphangiogenesis, very little is known about the mechanisms by which Prox-1 expression is controlled. Kazenwadel et al. demonstrated that miR-181a binds the 3′ untranslated region (UTR) of Prox-1, resulting in rapid and efficient transcript degradation and translation inhibition (Kazenwadel et al., 2010) . miR-181a expression was significantly higher in embryonic BECs compared to LECs, identifying an important mechanism to restrict Prox-1 expression to the lymphatic vasculature (Kazenwadel et al., 2010) . Recently, Seo et al. identified another miRNA (miR-466) which binds to the 3' UTR of Prox-1 and suppresses Prox-1 mRNA and protein expression (Seo et al., 2015) . MiRNAs have also been demonstrated to (indirectly) regulate VEGFR-3. Jones et al. identified that the inflammatory cytokine IL-1β leads to induction of miR-1236 in LECs which leads to a translational inhibition of VEGFR-3 (Jones et al., 2012) . Recently, Oh et al. identified that miR-199a/b-5p in lymphatic endothelial cells reduces DDR1 expression, a known positive regulator of lymphangiogenesis Xiao et al., 2015) . As expected, treatment with a miR-199a/b-5p mimic not only suppressed DDR1 expression, but also inhibited lymphangiogenesis in a corneal alkali-burn rat model . Recently, Grimaldo et al. identified that the expression of miR-184 is reduced during corneal lymphangiogenesis. In addition, overexpression of miR-184 in LECs suppressed their adhesion and migratory capacity and reduced tube formation, indicating that also miR-184 is a negative regulator of lymphangiogenesis (Grimaldo et al., 2015) . Taken together, these findings indicate that miRNAs may be promising therapeutic targets to control corneal lymphangiogenesis in the setting of corneal transplantation in the future.
4.3.3.2. The cornea as a model system to identify novel endogenous regulators of lymphangiogenesis. By comparing different inbred and wild-derived mouse strains, our group has shown that the number of physiological lymphatic vascular extensions into the peripheral cornea in naive eyes showed significant differences between the different inbred and wild-type strains (Regenfuss et al., 2010) . We have also demonstrated significant differences in the lymphangiogenic response after an inflammatory stimulus between several mouse strains, suggesting that underlying genetic factors might influence the lymphangiogenic response (Regenfuss et al., 2010) . By performing pathway-specific expression analyses of the cornea of lowlymphangiogenic BALB/c with high-lymphangiogenic C57BL/6 mice, two novel endogenous regulators of lymphangiogenesis could already be identified, namely tumor necrosis factor (ligand) superfamily member 10 (Tnfsf10/Trail) and the tissue-specific plasminogen activator (Plat/tPA). Both factors are expressed in the naive cornea and we have shown that they contribute to the (lymph)angiogenic privilege of the cornea (Regenfuss et al., 2015) . More recently, we have also identified the tyrosinase gene, which is partly responsible for the differences in the limbal lymph vessel architecture of BALB/c and C57BL/6 mice (Buttner et al., 2018) . Furthermore, by comparing C57BL/6 mice with albino C57BL/6 (B6N-TyrcBrd) mice which harbor a spontaneous mutation the gene encoding for Tyrosinase, we demonstrated that Tyrosinase not only is a novel endogenous regulator of developmental lymphangiogenesis, but also of inflammatory lymphangiogenesis (Buttner et al., 2018 ). These results demonstrate that the cornea is a suitable model to identify novel regulators of lymphangiogenesis.
Current and future options for inhibition of pathological corneal blood and lymphatic vessels to promote graft survival
As outlined above, corneal neovascularization disrupts the immune privilege of the cornea and is recognized as a risk factor for corneal graft rejection after PK . Various approaches have already been reported to reduce progressive corneal neovascularization:
4.3.4.1. Corticosteroids. Corticosteroid therapy is the standard antiinflammatory treatment at the cornea. Corticosteroids are also used for antiangiogenic treatment at the cornea, as it has been shown that these drugs are potent inhibitors of corneal hemangiogenesis and, as we have experimentally demonstrated, also corneal lymphangiogenesis (Hos et al., 2011b) . The anti(lymph)angiogenic effect of corticosteroids is mainly indirect due to the strong reduction of macrophage infiltration into the inflamed cornea. Furthermore, corticosteroids also inhibit the expression of proinflammatory cytokines and also show direct inhibition of vascular endothelial cell proliferation (Hos et al., 2011b) . The anti(lymph)angiogenic effect of corticosteroids varies with prednisolone and dexamethasone having the strongest effects. Weaker corticosteroids including fluorometholone show less inhibition of inflammatory corneal hem-and lymphangiogenesis. However, the (prolonged) use of corticosteroids may cause several severe side effects such as delayed corneal wound healing, cataract or elevated intraocular pressure. Furthermore, although corticosteroids inhibit the progression of newly developing corneal blood and lymphatic vessels very potently, they are less effective in regressing already present, mature vessels.
4.3.4.2. Anti-VEGF agents. Several anti(lymph)angiogenic treatment strategies specifically targeting the VEGF pathway at the cornea have been tested preclinically in the past, including Aflibercept, Bevacizumab, Ranibizumab, Pegaptanib, VEGF receptor tyrosine kinase inhibitors, and others Bucher et al., 2012; Cursiefen et al., 2004a; Detry et al., 2013; Hos et al., 2008; Lipp et al., 2014) . Despite this enormous progress in the experimental setting, none of these inhibitors has an FDA approval for the use at the cornea so far. Nevertheless, Bevacizumab is frequently used off label to treat patients with corneal neovascular diseases also in the context of keratoplasty, and several groups have already proven its effectiveness and safety (Koenig et al., 2012 ). In addition, recent studies have also shown the effectiveness of Ranibizumab in inhibiting corneal neovascularization in the clinical setting (Ferrari et al., 2013) . Bevacizumab and Ranibizumab showed comparable antihemangiogenic effects and both were recently reported to also inhibit corneal lymphangiogenesis, at least in the experimental setting Bucher et al., 2012) . However, as (blood) vessel maturation and pericyte coverage is usually accompanied by reduced dependence on VEGFs, treatment strategies targeting the VEGF pathway usually fail to regress already maturated corneal neovessels.
Inhibition of insulin receptor substrate-1 (IRS-1).
Insulin receptor substrate-1 (IRS-1) is a cytosolic scaffolding protein also known to interact with the VEGF-receptor complex. It was recently demonstrated that IRS-1 is also expressed in the cornea and plays a role in blood vessel development (Andrieu-Soler et al., 2005) . It has been demonstrated that the blockade of IRS-1 signalling by GS-101 Fig. 10 . Corneal collagen crosslinking (CXL) regresses mature corneal blood and lymphatic vessels and improves graft survival after subsequent murine high-risk keratoplasty. A-C: Corneal vessels were double stained in corneal whole mounts 4 days after CXL treatment (merged images). D-F: Blood vessels (BV: with white arrow) were stained with CD31 (green). G-I: Lymphatic vessels (LV: with white arrow head) were stained with LYVE-1 (red). J-K: Quantification of corneal vessels on day 4 and day 8 post 6 or 9 min CXL treatment (n = 5; *p < 0.05, **p < 0.01). L: Corneal graft survival was significantly improved in high-risk eyes preoperatively treated with CXL (p < 0.05). Modified from (Hou et al., 2018) . Hos, et al. Progress in Retinal and Eye Research xxx (xxxx) xxx-xxx (Aganirsen), an antisense oligonucleotide against IRS-1, inhibits inflammatory corneal hem-, and as we have recently shown, also lymphangiogenesis in animal models (Andrieu-Soler et al., 2005; Hos et al., 2011a) . Mechanisms of action are the inhibition of corneal macrophage infiltration and proinflammatory cytokine expression as well as reduction of macrophage-derived expression of VEGF-A and VEGF-C (Andrieu- Soler et al., 2005; Hos et al., 2011a) . Additionally, Aganirsen also directly impairs vascular endothelial cell proliferation (Hos et al., 2011a) . Aganirsen has also already successfully been tested as eye drops in phase II and III clinical trials (Cursiefen et al., 2009a . These data demonstrate that Aganirsen is safe, well-tolerated and effective in inhibiting progressive corneal neovascularization (Cursiefen et al., 2009a . Furthermore, Aganirsen seems to be able to reduce the need for keratoplasty in patients with viral keratitisassociated central corneal neovascularization . Thus, Aganirsen might be the first drug that will be approved for the topical treatment of corneal neovascularization by the FDA. One limitation of the treatment with Aganirsen is that mature vessels are only marginally affected. As mentioned, the above summarized anti(lymph)angiogenic treatment strategies are able to potently inhibit progressive corneal neovascularization. In contrast, the regression of already established, mature blood and lymphatic vessels is still a major challenge. Recently, we have therefore analyzed the impact of various already clinically available techniques to regress corneal neovascularization in the experimental setting, namely corneal collagen crosslinking (CXL), photodynamic therapy (PDT), and fine needle diathermy (FND).
Corneal collagen crosslinking (CXL).
Corneal collagen crosslinking (CXL) is usually used in several corneal ectatic diseases for stabilization of the cornea via bonding of one corneal collagen fiber to another adjacent fiber (Raiskup and Spoerl, 2013) . CXL has been applied to treat progressive keratoconus since 2003 (Wollensak et al., 2003) . In 2016, riboflavin ophthalmic solution combined with ultraviolet -A (UV-A) irradiation, which is used in CXL, received approval from the US Food and Drug Administration (FDA). CXL using riboflavin topically followed by UV-A illumination was reported to reduce corneal keratocyte density by inducing keratocyte apoptosis (Mencucci et al., 2010; Spoerl et al., 2007; Wollensak et al., 2004a Wollensak et al., , 2004b . This indicated that CXL might also regress pathological vessels in the cornea by having a similar effect on vascular endothelial cells, as these vessels are also located in the corneal stroma. Indeed, our group showed for the first time that CXL using riboflavin and UV-A successfully regressed pre-existing blood and lymphatic vessels in the murine cornea (Hou et al., 2018) (Fig. 10) . After topical application of riboflavin solution and UV-A irradiation in the mouse model of sutureinduced inflammatory corneal neovascularization, the CXL treated corneas showed significantly less pathological blood and lymphatic vessels. In addition, TUNEL + cells were observed in both corneal blood and lymphatic vascular endothelium, indicating that corneal vessels regressed via the induction of cell death in vascular endothelial cells (Hou et al., 2018) . This may be caused by the reaction of applied riboflavin with UV-A, which results in the release of highly reactive singlet oxygen and other reactive oxygen radicals and subsequent cell death of vascular endothelial cells (Spoerl et al., 2007; Wollensak et al., 2004a Wollensak et al., , 2004b . CXL treatment also decreased the number of macrophages and of CD45 + cells in inflamed corneas. The decrease of macrophages may contribute to the regression of pathologic corneal vessels, as macrophages essentially contribute to inflammatory lymphangiogenesis and lymphatic vessel maintenance (Kataru et al., 2009; Kerjaschki et al., 2006; Li et al., 2012d; Maruyama et al., 2005 Maruyama et al., , 2007 Maruyama et al., , 2012 Song et al., 2018) . Importantly, via preoperative treatment of vascularized high-risk recipient beds with CXL, subsequent corneal allograft survival was significantly enhanced (Hou et al., 2018) (Fig. 10) . This effect seems to be mainly attributed to the regression of pathological corneal neovascularization and the reduction of inflammatory cells in CXL treated corneas. In addition, the population of T regs in draining cervical lymph nodes was significantly increased in CXL treated corneas after keratoplasty, which might have also contributed to the improved graft survival.
In summary, CXL using riboflavin and UV-A is an effective presurgical (lymph)angioregressive treatment strategy to improve graft survival in high-risk corneal transplantation (Hou et al., 2018) . Furthermore, these studies show the feasibility of the concept of (lymph) angioregressive pretreatment prior to high-risk keratoplasty to promote corneal graft survival. In addition, this approach of a temporary and selective regression of resident lymphatic vessels at the site of transplantation could also be used in other transplantation fields. Nevertheless, it should be noted that the beneficial impact of pre-surgical CXL on high-risk corneal transplant survival has so far only shown in experimental studies. Clinical studies are missing so far, and have to prove the efficacy of this promising approach.
Photodynamic therapy (PDT). Photodynamic therapy (PDT) is
an anti-angiogenic strategy utilizing a photosensitizer and light source. After the application of the photosensitizer verteporfin (a benzoporphyrin derivative), this molecule is specifically absorbed and retained in neovascular structures. By treatment with non-thermal 689 nm red-light, the accumulated verteporfin can be selectively activated, which leads to the liberation of cytotoxic free radicals causing occlusion of neovascular endothelial cells (Gomer et al., 1988; Gupta and Illingworth, 2011; Henderson and Dougherty, 1992; Reed et al., 1988; Weiss et al., 2012) . In ophthalmology, PDT is currently used in the clinic to treat several neovascular diseases in the posterior pole of the eye, such as subfoveal choroidal neovascularization, choroidal hemangioma, and polypoidal choroidal vasculopathy (Verteporfin in Photodynamic Therapy Study Group, 2001; Harding, 2001; Reinke et al., 1999; Ziemssen and Heimann, 2012) .
In the cornea, PDT using systemically applied verteporfin as a photosensitizer has been shown to regress pathologic blood vessels in rabbit models, but the effect of PDT on corneal lymphatic vessels was uncharacterized (Holzer et al., 2003; Yoon et al., 2006) . Holzer et al. found that when using low laser energy (such as 17 or 50 J/cm 2 ), PDT was able to achieve a 30-50% regression of corneal blood vessels, although vessels reoccurred 3-5 days after treatment (Holzer et al., 2003) . When the laser energy was increased to 150 J/cm 2 , the average regression of corneal blood vessels was 56% and no regrowth was observed at 10 days post PDT (Holzer et al., 2003) . We have previously shown in mice that when verteporfin is used intrastromally, corneal lymphatic vessels can be selectively regressed without having an effect on mature corneal blood vessels . More recently, our group also showed in a murine corneal neovascularization model, that with PDT using intravenously applied verteporfin, both mature corneal blood and lymphatic vessels could time-dependently be regressed (Hou et al., 2017) (Fig. 11) . PDT decreased 60% of the corneal lymphatic and 40% of the mature blood vessels without notable side effect on adjacent structures. Importantly, via pre-transplant PDT treatment (using intravenous verteporfin and red-light irradiation 24 h later), allograft survival in prevascularized high-risk corneas was significantly improved (PDT: 75% survival vs. controls: 27%; Fig. 11 ) (Hou et al., 2017) . As PDT is already used in the clinic to treat patients with neovascular diseases at the posterior segment, this promising strategy might also be used for angio-regressive therapy at the cornea in the near future.
Fine needle diathermy (FND).
Fine needle diathermy (FND) of corneal blood vessels is a simple and inexpensive procedure that was first described and clinically applied in 2000 (Pillai et al., 2000) . Here, corneal neovascularization was coagulated by using a stainless steel 3/8 needle mounted on a 10/0 black nylon suture and diathermy current. The needle was inserted intrastromally near the limbus, parallel to and D. Hos, et al. Progress in Retinal and Eye Research xxx (xxxx) xxx-xxx at the same level of the blood vessels. In case of multiple, closely located vessels, the needle was inserted tangentially to occlude as many vessels as possible in a single shot. Subsequently, the diathermy probe was brought into contact with the shaft of the surgical needle. The contact was maintained until mild blanching of the corneal stroma and corneal shrinkage occurred. FND can reach and occlude both afferent and efferent vessels at any corneal depth and is suitable for progressive as well as already mature vessels (Faraj et al., 2014) . After FND, retreatment might be required due to reperfusion of occluded vessels and success rates vary from 60 to 100% after one single treatment, depending on the study (Faraj et al., 2014; Pillai et al., 2000; Thatte, 2011) . The long-term efficacy and safety of FND is well documented, and common side effects are transient corneal opacification, and subconjunctival and intracorneal hemorrhages. These complications completely resolve after one day to a couple of weeks. Corneal microperforation is considered as a more serious complication that can occur during passaging of the needle, especially in thin corneas (Faraj et al., 2014; Koenig et al., 2012; Pillai et al., 2000; Thatte, 2011) . When used alone, FND can induce the release of proangiogenic factors, especially when applied to the majority of vessels (Pillai et al., 2000) . Hence, Spiteri et al. proposed the use of corneal angiography to help and guide FND to selectively close the afferent vessels, minimizing the numbers of intrastromal needle insertion and diathermy without altering the effectiveness of FND (Spiteri et al., 2015) . Additionally, we and others suggested the combination of FND and topical or subconjunctival Bevacizumab to antagonize newly released VEGF (Elbaz et al., 2015; Hussain and Savant, 2017; Koenig et al., 2012) . We have recently identified that FND treatment not only targets visible blood, but also clinically invisible lymphatic vessels in mice (Le et al., 2018b) (Fig. 12) . The most pronounced effect of FND on regression of both blood and lymphatic vessels was observed at day 7 after FND treatment. Importantly, pretreatment of pathologically prevascularized high-risk eyes with FND significantly improved graft survival after subsequent keratoplasty in mice (Fig. 12) (Le et al., 2018b) . As FND to treat corneal neovascularization is already in clinical use, patients studies that also demonstrate an improvement of corneal allograft survival will likely follow. Indeed, our group has recently reported initial results of a clinical pilot study, which appear promising (Hos et al., 2019a) .
4.3.4.7. Novel experimental options. In addition to the already partially clinically available vessel regression methods presented above, novel molecular strategies that interfere with the afferent and efferent arm of the immune reflex arc are under development. These therapeutic strategies may effectively reduce the rates of corneal allograft rejection.
4.3.4.7.1. Netrin-4. Netrins are laminin-like secreted proteins subdivided into five species (Netrin 1, 3, 4, G1, G2). Netrin-4 is expressed in almost all tissues of the eye, and the basement membranes of the lens and the cornea, the inner limiting membrane, the vascular basement membrane and the Bruch's membrane of the retina express very high levels of Netrin-4 (Li et al., 2012c) . In the cornea, it was shown, that topical application of recombinant Netrin-4 supports wound healing after chemical burn. Treatment with Netrin-4 post injury resulted in a decreased level of neovascularization and inflammation. Furthermore, Netrin-4 was able to promote the regression of preexisting blood vessels (Han et al., 2015) . So far, no effect on corneal suture-induced lymphangiogenesis in Netrin-4 knockout mice could be shown . However, Reuten et al. showed a dose dependent effect of Netrin-4 on BECs as well as LECs, where high concentrations led to a destabilization of vessel-like tube formation and maintenance (Reuten et al., 2016) . 4.3.4.7.2. Soluble CD83 (sCD83). The expression of costimulatory membrane-bound molecules determines the capacity of DCs to activate T cells (Dilioglou et al., 2003; Pardoll, 2002) . The membrane-bound glycoprotein CD83 (mCD83) is a well-known surface marker for mature DCs in humans and mice (Berchtold et al., 1999; Twist et al., 1998) . On mature DCs, mCD83 acts as a costimulatory molecule and increases T cell activation (Aerts-Toegaert et al., 2007; Prechtel et al., 2007) .
Hock et al. reported on the existence of a soluble form of CD83 (sCD83) released by activated DCs and B cells, which was also detectable in normal human sera (Hock et al., 2001) and, in increased concentrations, in sera of patients with hematological malignancies (Hock et al., 2004) . A direct correlation between increased sCD83 levels and treatment free survival was observed in patients suffering from chronic lymphocytic leukemia, indicating that sCD83 may modulate anti-tumoral immune responses (Hock et al., 2009) . In subsequent studies, using recombinant sCD83 molecules, it was shown that sCD83 has indeed very prominent immunomodulatory properties. In this respect, it was reported that recombinant sCD83 inhibits DC maturation and blocks T cell stimulation (Lan et al., 2010; Lechmann et al., 2001; Scholler et al., 2002) . Further reports also demonstrated that CD83 is a regulator of B cell function (Breloer et al., 2007; Kretschmer et al., 2009; Krzyzak et al., 2016) . Thus, considering the limitations and failures of current therapeutics in preventing (long-term) corneal transplant rejection on the one hand, and the long-lasting tolerogenic effects of sCD83 on the other hand, we investigated whether sCD83 might be a novel therapeutic option in corneal transplantation. Importantly, we could demonstrate that sCD83 suppresses corneal allograft rejection when applied systemically or even topically in form of eye drops (Fig. 13) . In both cases, the tolerogenic effect of sCD83 was associated with an increased frequency of T regs in the eye-draining lymph nodes, which was induced by DCs (Fig. 13) . Furthermore, we Fig. 11 . Time-dependent regression of corneal blood and lymphatic vessels after PDT using intravenous verteporfin promotes murine high-risk graft survival. A+B: Quantification of corneal blood (A) and lymphatic (B) vessels after PDT using intravenous verteporfin. Corneal neovascularization was previously induced by suture placement (*:p < 0.05; **:p < 0.01; ***:p < 0.001). C: Promotion of corneal allograft survival after subsequent high-risk keratoplasty (Control: without preoperative treatment, PDT: with preoperative PDT treatment; *: p < 0.05). Modified from (Hou et al., 2017) . demonstrated that indoleamine 2,3-dioxygenase (IDO) and TGF-β are the major mediators of the sCD83 effect. Thus, these findings open interesting new therapeutic options not only in the field of corneal transplantation but also for other solid organ and tissue transplantation studies that require long-term tolerance.
5. Immune reactions after modern lamellar keratoplasty: immunology, clinical presentation, prevention, treatment, and outcomes
Stromal immune reactions after DALK
After DALK, endothelial immune reactions cannot occur, as the Descemet membrane and the endothelium of the recipient cornea are retained. Thus, only epithelial, subepithelial, or stromal immune Fig. 12 . Fine needle-diathermy (FND) targets corneal blood and lymphatic vessels and promotes murine high-risk graft survival. A+B): Effect of FND on regression of blood vessels (BV; A) and lymphatic vessels (LV; B) at four time points after treatment (14 days after corneal suture placement). Compared to the nontreated group (NON: red column), the FND treated group (green column) resulted in significant regression of both BV and LV at all analyzed time points (p < 0.05). The most obvious effect of FND was observable at day 7 with the reduction of BV by 60% (p < 0.0001) and LV by approximately 80% (p < 0.0001) as compared to the NON group (ANTI: anti-inflammatory therapy). C) Two weeks after corneal suture placement, mice were treated with FND and anti-inflammatory eye drops (FND; green line) or with anti-inflammatory eye drops only (ANTI; purple line). Graft survival was significantly improved when compared to controls that did not receive FND or anti-inflammatory therapy (NON; red line; survival rates: FND versus NON: 60.9% vs. 8.3%, p < 0.0001; ANTI versus NON: 33.3% vs. 8.3%, p = 0.0164). FND treatment also significantly improved graft survival in comparison to isolated anti-inflammatory therapy (FND versus ANTI: 60.9% vs. 33.3%, p < 0.05). Modified from (Le at al. 2018) . reactions can occur. Interestingly, the risk of developing an epithelial/ subepithelial/stromal immune reaction seems to be considerably higher when compared to PK (Giannaccare et al., 2018; Gonzalez et al., 2017; Olson et al., 2012) . This might be due to the fact that in case of DALK, donor antigens are not introduced into the anterior chamber and the mechanisms of ACAID cannot be effective. In a study by Giannaccare et al., 20 of 377 eyes (5.3%) experienced an episode of stromal rejection (Giannaccare et al., 2018) . Stromal rejection was symptomatic in 7 of 20 cases (35%), with blurred vision, photophobia, and/or ocular redness as main complaints, whereas the remaining 13 cases (65%) were asymptomatic and stromal rejection was diagnosed during a scheduled follow-up examination (Giannaccare et al., 2018) . The majority of the rejection episodes (75%) occurred within the first postoperative year and almost all patients were off steroidal treatment. Patients with stromal rejection were treated with dexamethasone 0.1% eye drops every 2 h for 14 days and then slowly tapered off over a 6-month period. All episodes resolved within 6 months after the onset, with no significant differences between pre-rejection and 6-month post-rejection values of visual acuity, central corneal thickness, and endothelial cell density (Giannaccare et al., 2018) . Gonzalez et al. followed 251 DALK procedures, where the risk of stromal rejection was 14% with 18-month median follow up (Gonzalez et al., 2017) . Episodes of graft rejection were treated with prednisolone acetate 1% or tobramycin/ dexamethasone ointment 0.1% at various dosing intervals depending on severity, and the dose was tapered over weeks to months. By this treatment, stromal rejection resolved in all eyes (Gonzalez et al., 2017) .
Thus, non-endothelial, mainly stromal immune reactions after DALK occur more frequent than after PK. These immune reactions can successfully be treated with intensified topical corticosteroids. Furthermore, it seems that with time the risk of epithelial, subepithelial and stromal rejection episodes might decrease, as the host epithelial cells and keratocytes repopulate the donor tissue, although late rejections after 3-4 years have been reported (Roberts et al., 2016) .
For the prevention of immune reactions after DALK, it is advisable to start with topical corticosteroids (e.g. prednisolone acetate 1%) at least 5 times a day, followed by a monthly reduction by 1 drop to once daily at least for the first postoperative year. However, this recommendation is mainly based on the authors' own experiences, and other groups also use shorter postoperative corticosteroid regimens (Borderie et al., 2011; Noble et al., 2007; Romano et al., 2015) .
Endothelial immune reactions after endothelial keratoplasty (EK)
As previously mentioned, the risk of developing an immune reaction after EK is considerably lower when compared to PK, especially after DMEK (Allan et al., 2007; Anshu et al., 2012; Hos et al., 2017b; Li et al., 2012b; Nguyen et al., 2007; Price et al., 2009b; Sepsakos et al., 2016) . In addition, there are so far only few relevant studies reporting on graft rejection rates in EK patients who would have been considered as highrisk hosts in PK. These (smaller) studies demonstrate relatively low graft rejection rates when compared to high-risk PK (between 0% and 17%) Baydoun et al., 2015b; Heinzelmann et al., 2017; Kim et al., 2012; Mitry et al., 2014) , and there is no general consensus whether a high-risk scenario in EK even exists so far. It will be interesting to see whether studies in larger cohorts with longer follow-up can recapitulate this fact and whether it will be necessary to further sub-define "low-low-risk" and "high-low-risk" scenarios in the already low-risk setting of EK in the future.
Endothelial immune reactions after DSAEK
Within the first 2 years after keratoplasty, studies have shown that the risk of endothelial immune rejection is 5-17% for low-risk PK and 8-14% for DSAEK (Allan et al., 2007; Li et al., 2012b; Nguyen et al., 2007; Price et al., 2009b; Sepsakos et al., 2016) . Thus the risk of developing an immune rejection episode after DSAEK seems to be reduced when compared to PK. There might be several reasons for the reduced rejection risk. As the graft is introduced into the anterior chamber, the mechanisms of ACAID can be effective, and the exposure to APCs of the recipient cornea, which are mainly located in the anterior stroma, is reduced. Similarly, significantly fewer APCs from the donor, which also have been shown to contribute to graft rejection, are transplanted. Furthermore, the transplanted donor tissue might be lees immunogenic, because the donor epithelium and the majority of the donor stroma are not transplanted. Another important factor is the absence of corneal sutures, which may become loose in case of PK and induce inflammation and a secondary immune reaction.
5.2.1.1. Incidence and clinical presentation. Endothelial immune responses after DSAEK are clinically more subtle than after PK. In a study by Price and colleagues, 35% of the patients were asymptomatic and immune reaction was only diagnosed during a routine check (Price et al., 2009b) . The signs of the endothelial immune responses also differ from immune responses after PK, as there are often only isolated precipitates, which might be focal or diffuse (60-70%). Further signs of graft rejection are corneal edema (10-25%) and anterior chamber cells (25%). Classical endothelial rejection lines are rare, but can occasionally occur (Fiorentzis et al., 2015; Jordan et al., 2009; Price et al., 2009b; Saelens et al., 2011; Wu et al., 2012) . The graft rejection risk after DSEAK is higher for African Americans, in eyes with preexisting glaucoma and in steroid responders (Price et al., 2009b) .
Several studies have reported on the time between surgery and graft rejection: In a study by Wu et al. the mean time to rejection following DSAEK was 13 ± 10 months (Wu et al., 2012) . Li et al. also have shown that the greatest number of rejections occurred between 12 and 18 months postoperatively (Li et al., 2012b) . Similarly, a study by Sepsakos et al. have shown that the greatest number of rejection episodes occurred between postoperative months 19 and 30 and that there was a statistically significant association of developing a rejection episode when a patient was off of topical steroids (Sepsakos et al., 2016) . (Price et al., 2009b) . In a more recent study by Price and colleagues, the incidence of endothelial graft rejection during the first 5 postoperative years in a large FED cohort was retrospectively evaluated (Price et al., 2018) . From 1312 DSAEK cases, 80 cases experienced a rejection episode, resulting in a cumulative 5-year rejection episode rates of 7.9%. Interestingly, only a minority of these graft rejection episodes resulted in secondary graft failure requiring a re-graft (Price et al., 2018) , and experiencing a rejection episode was not a predictor of graft failure within 5 years of surgery in this study, which is in contrast to the study of Figueiredo et al. where 60-80% of grafts experiencing a rejection episode failed (Figueiredo et al., 2015b) . Thus, reports regarding the risk of graft failure after immune rejection after DSEAK show significant variation.
5.2.1.3. Prevention and treatment. Although the risk of immune reactions after DSAEK seems to be slightly lower, most reports follow the postoperative treatment scheme for PK. In a study by Ezon et al., patients were initially treated with prednisolone acetate 1% 6 to 8 times per day. This was maintained during the first week of follow-up, then tapered to 3 to 4 times daily for the first postoperative month and then tapered further by 1 drop daily every 4-6 months (Ezon et al., 2013) . In other studies, the topical corticosteroid regimen used to prevent graft rejection was prednisolone acetate 1% dosed 4 times daily, tapered by 1 drop every 3 months to once daily (Hamzaoglu et al., 2015) . From our point of view, it is advisable to start at least 5 times a day with corticosteroid eye drops, followed by a monthly reduction by 1 drop to once daily, which should then be continued for at least another 18 months or even indefinitely.
If a graft rejection episode occurs after DSAEK, it is mainly treated by intensive topical corticosteroid therapy. Wu and colleagues used prednisolone acetate 1% or difluprednate 0.05% hourly (Wu et al., 2012) . In this study, some eyes were additionally treated with intracameral or sub-Tenon's corticosteroid injections or even systemic prednisolone, although reports on the beneficial impact of these strategies and a consensus whether systemic corticosteroid treatment should be initiated are missing so far. Li et al. also used topical prednisolone acetate 1% up to hourly doses, depending on the severity of the rejection. Oral steroids were not typically used to treat graft rejection episodes. Topical steroids were then gradually tapered down to a maintenance dose of 1 drop per day according to the speed of resolution of the rejection episode (Li et al., 2012b (Guerra et al., 2011) , and Baydoun et al. reported on 352 eyes where 2 rejection episodes occurred (Baydoun et al., 2015a) . In another study by Baydoun and colleagues, 17 from 750 eyes were reported to develop a rejection episode (Baydoun et al., 2016b) . In the largest report of consecutive DMEK cases so far, we also observed a similar incidence of graft rejection after DMEK (Hos et al., 2017b) . In our cohort, 12 of 905 included eyes developed a rejection episode, with estimated probabilities of rejection of 0.9% at 1 year and 2.3% at 4 years. In summary, these studies demonstrate that the risk of developing a graft rejection episode after DMEK is significantly lower than after PK or DSAEK.
Whether the concepts of ACAID and immune privilege for corneal transplantation established in animal models also hold true for patients and lamellar keratoplasty is still not clear. In this context, it has e.g. been shown experimentally in rodents that removal of the spleen leads to increased rejection of corneal allografts after corneal transplantation. However, we have recently observed a splenectomized patient accepting a posterior lamellar graft without immune rejection with a follow-up of more than 5 years, indicating that an intact spleen might not be necessary for allograft acceptance after posterior lamellar keratoplasty in humans (Hos et al., 2019b) .
The clinical picture of graft rejection after DMEK can be very subtle. Immune reactions after DMEK may present with a classical Khodadoust line, but mostly show diffuse endothelial precipitates (Hos et al., 2017b) . Endothelial precipitates are usually confined to the DMEK grafts but can also occur on peripheral corneal areas that were initially denuded by descemetorhexis but not covered by the donor Descemet membrane and donor endothelium (Fig. 14) . Melanin precipitates in areas of irregularities at the periphery of the graft should not be mistaken as precipitates due to an immune response. Additional clinical signs of acute graft rejection can include anterior chamber reaction and corneal edema. Interestingly, Monnereau and colleagues have retrospectively shown that changes in endothelial cell morphology might be detected even before an allograft rejection after DMEK occurs (Monnereau et al., 2014) . From 500 eyes that underwent DMEK, 7 eyes developed typical clinical signs of an allograft rejection. Interestingly, specular microscopy images of these eyes that developed an allograft rejection surprisingly showed that characteristic endothelial cell changes could already be observed up to several months before the rejection became clinically apparent. Compared to asymptomatic DMEK control eyes, that showed homogenous reflectivity, fairly regular cell shape and distribution, and an invisible cell nucleus, eyes with a developing allograft rejection showed a clearly different image, with disorganized cell shape, size, and distribution, high reflectivity, and pronounced cell nuclei. This study suggests that allograft rejection may not be an acute event, but rather a slow-onset immune response and that, monitoring donor endothelium after DMEK may be used to anticipate a rejection episode and/or to prevent an allograft rejection from clinically manifesting itself (Monnereau et al., 2014) .
Patients presenting with corneal graft rejection after DMEK might often be asymptomatic, especially in the absence of corneal edema despite clearly recognizable endothelial precipitates (Hos et al., 2017b) . Furthermore, patients can present with ocular discomfort, redness and reduced visual acuity. Since most episodes are asymptomatic, a regular follow-up of patients after DMEK seems to be feasible. Baydoun et al. reported on 17 eyes with rejection, where 12 were asymptomatic, and 4 had no subjective complaints (Baydoun et al., 2016b) . We have previously reported on 12 out of 1000 patients with rejection episodes, where five patients were symptomatic and 7 did not note the rejection episode (Hos et al., 2017b) . These data suggest that DMEK transplant recipients should be examined regularly to actively look for any signs of rejection. We suggest that lamellar keratoplasty recipients (both after DSAEK and DMEK) should be controlled at 1, 3, 6, 12, 18 and 24 months postoperatively and annually thereafter.
Clinical course.
We have recently reported on the clinical course of patients with immune reactions after DMEK (Hos et al., 2017b) . After the rejection episodes, visual acuity and central corneal thickness remained stable in most cases when rejection was immediately treated with intensified corticosteroids. However, endothelial cell densities (ECDs) were significantly lower when compared to the last visit before diagnosis of graft rejection. ECD values 3 months and 1 year after the graft rejection episodes were comparable without further decrease, indicating that ECD seems to be stable after the graft rejection episodes has subsided (Hos et al., 2017b) . Also mid-/long-term stability after treatment of endothelial immune reactions after DMEK seems to be good (Schaub et al., 2019) .
Prevention and treatment.
Although the rate of graft rejection after DMEK is considerably low, local corticosteroid therapy is the mainstay in the prevention of graft rejection. Price and colleagues have analyzed the incidence of graft rejection when topical corticosteroids were discontinued 1 year after DMEK surgery. Here, 6% of the patients who stopped topical corticosteroids experienced a possible or probable rejection episode, whereas no single rejection episode occurred when topical corticosteroids were continued (Price et al., 2016) . A comparison of different corticosteroids has also shown that rejection rates after DMEK are similar for lower effective topical steroids such as Fluorometholone 0.1% or Loteprednol etabonat 0.5%, when compared to prednisolone acetate 1%, which might therefore preferentially used when a steroid response is known (Price et al., , 2015 . In line with this, we also have previously demonstrated that the risk of graft rejection seems to be increased in patients without local corticosteroid treatment (Hos et al., 2017b) . However, there are also reports where the majority of observed graft rejection episodes occured in patients that still receiving fluorometholone (Baydoun et al., 2016b) . Since the report by Price and colleagues demonstrated that the risk of rejection following DMEK increased after discontinuation of local steroid therapy at the end of the first postoperative year (Price et al., 2016) , and our studies also showed that the majority of graft rejection episodes occur within the first two postoperative years (Hos et al., 2017b) , it is recommend that (low-dose) corticosteroids should be continued until at least the end of the second postoperative year, or even indefinitely (Hos et al., 2017b; Price et al., 2016; Quilendrino et al., 2017) . However, it is currently not known whether the use of topical steroids in low doses represents an effective long-term prophylaxis of rejection reactions beyond the second year.
Irrespective of whether a patient with newly diagnosed graft rejection is still on (low-dose) corticosteroid therapy or had discontinued local corticosteroids, the graft rejection episode is usually treated with intensified local corticosteroids, although reports on the exact treatment scheme are missing so far. In a study by Price et al., treatment of graft rejection ranged from topical fluorometholone 0.1% 4 times daily to prednisolone acetate 1% hourly, depending on the severity of graft rejection (Price et al., 2016) . Using this treatment, 13 of 14 rejection episodes resolved, whereas 1 eye decompensated and required a regraft. Afterwards, topical corticosteroid dosing was tapered to once per day over several weeks and continued indefinitely. Anshu et al. reported on a similar treatment regimen, where eyes with a rejection episode were treated with topical prednisolone acetate 1% in a dose ranging from 8 times daily to hourly, depending on the severity of rejection (Anshu et al., 2012) . The steroid was then gradually tapered, based on response to therapy, down to a maintenance dose of once daily. Our own treatment scheme for graft rejection is prednisolone acetate 1%; every half hour for 3 days, afterwards tapered by the following scheme: hourly for 1 week, 6 times daily for 1 week, followed by a weekly reduction by 1 drop to once daily, which is then continued indefinitely. By this treatment scheme, the majority of graft rejection episodes can be successfully treated and resolve (Hos et al., 2017b) .
In summary, the risk of developing an immune reaction after DMEK is very low and often does not lead to secondary graft failure with the requirement of a re-graft when timely treated with local intensified corticosteroids. For the prophylaxis of graft rejection, low-dose corticosteroid therapy should be continued until at least the end of the second postoperative year, or even indefinitely.
Perspective: immune reactions after endothelial cell transplantation
Human corneal endothelial cells (CEC) do not proliferate in vivo as they are arrested at the G1 phase of their cell cycle (Joyce et al., 2002) and, unsurprisingly, their in vitro expansion is also challenging. Due to disease, injury or ageing, CEC count may reduce or the cells can become dysfunctional leading to vision loss (Abell et al., 2014; Alqudah et al., 2013; McLaren et al., 2014) . Bullous keratopathy, resulting e.g. from FECD or (e.g. cataract-surgery related) endothelial trauma (Bourne and McLaren, 2004) , are the leading causes of corneal blindness which may be treated with corneal endothelial cell transplantation (Flockerzi et al., 2018) .
CEC transplantation is an attractive alternative to posterior lamellar keratoplasty as it minimizes surgical trauma and may solve the issue of donor shortage. However, the methods of in vitro CEC expansion as well as the cell delivery and treatment protocols remain to be improved. To successfully promote CEC proliferation in vitro while preserving their phenotype, it is necessary to use cytokines and growth factors to lift the mitotic block as well as prevent EnMT. Traditional ex vivo cell expansion methods including the enzymatic dissociation of corneal endothelial donor tissue using trypsin (Choi et al., 2014; Su et al., 2015) , or the use of FGF were reported to induce loss of tight junctions and eventually EnMT (Lee and Kay, 2012) . The use of the correct composition of culture media and substrate (such as laminin (Okumura et al., 2015) and collagen IV (Choi et al., 2014; Sugino et al., 2011) ) as well as the genetic manipulation of the cells (for example by the use of p120 and Kaiso siRNAs leading to CEC proliferation while maintaining pumping function and hexagonal shape (Zhu et al., 2014) ) may enable the successful culture and passaging of CECs. The use of Rho-kinase (ROCK) inhibitors has been a pivotal step in CEC culture and cell therapy. Okumura reported in 2009 that ROCK pathway inhibition promoted CEC proliferation in vitro while maintaining their functional phenotype (Okumura et al., 2009 ). Very importantly, ROCK inhibitor administered together with cultured CECs, which were injected in the anterior chamber, also enforced the homing and functionality of the cells in vivo (Okumura et al., 2012 (Okumura et al., , 2016 as well as in bullous keratopathy patients leading to decreased corneal thickness and improved visual acuity (Kinoshita et al., 2018; Okumura et al., 2009) .
In principal, CEC transplantation could involve a lower risk for graft rejection in comparison to PK as the corneal endothelium was shown to be less involved in alloimmunity in contrast to corneal stromal and epithelial tissue (Hori and Streilein, 2001; Khodadoust and Silverstein, 1969; Saban et al., 2009 ), but the same holds true for DMEK. However, as described in the previous chapters, endothelial graft rejections might rarely occur (Anshu et al., 2012; Hos et al., 2017b) . The ocular immune privilege and ACAID, the selective deficiency of antigen-specific DTH following the introduction of allogeneic cells or antigens into the anterior chamber (see chapter 3), is thought to be responsible for the (B) . B, Magnification of the peripheral corneal area that was initially denuded and not covered by the donor Descemet membrane; precipitates are also detectable on the denuded area (arrowheads; arrow indicates the margin of the donor Descemet membrane). C, After 2 weeks of intensive treatment with topical corticosteroids, the immune reaction resolved and precipitates disappeared. Magnification of the peripheral denuded area; the arrows indicate the margin of the donor Descemet membrane (left) and the margin of descemetorhexis (right), respectively. D, Schematic drawing illustrating the distribution of endothelial precipitates. From . low risk of allograft rejection after endothelial transplantation (Niederkorn, 1990) . Allo-antigens situated on the surface of corneal endothelial cells may induce ACAID and thus promote the survival and successful homing of grafted CECs. This is supported by the observation that survival of corneal allografts is increased by triggering ACAID via injecting allogeneic splenocytes or CECs lines into the anterior chamber and the acquisition of donor-specific tolerance in a mouse PK model (Niederkorn and Mellon, 1996) . Recently, Yamada et al. investigated the ability of murine eyes which received murine CEC grafts to enable ACAID and to promote transplant tolerance; it was demonstrated that the injection of CECs into the anterior chamber did not induce any allorejection (Yamada et al., 2016) . These data, along with clinical observations, indicate that CEC grafts are less likely to be rejected in comparison to PK. However, whether a difference to DMEK exists is currently unknown.
Despite progress, CEC transplantation still remains challenging. Ongoing problems include culture optimization and the choice of cell delivery method. Even though the CEC injection in the anterior chamber appears to be a promising approach, it requires that the patient remains in a prone position for several hours. On the other hand, the use of CEC sheets cultured on substrates including amniotic membrane (Ishino et al., 2004) , or collagen sheets (Koizumi et al., 2007; Mimura et al., 2004; Yamaguchi et al., 2016) , can also be problematic as technical issues during the surgery, carrier opacity and cell sheet detachment are likely to occur. The development of safe CEC delivery in the clinic has progressed significantly as recent studies have proposed protocols avoiding xenobiotic components including bovine serum (Soh et al., 2017) , however, the development of Good Manufacturing Practice (GMP)-compliant methods for cell expansion and the optimization of cell delivery surely requires further investigation. Importantly, a recent study where a ROCK inhibitor was co-injected with cultured CECs into the anterior chamber of bullous keratopathy patients showed promise for improved outcome of future endothelial cell therapy treatments (Kinoshita et al., 2018) . The cells were expanded ex vivo and they were injected into the anterior chamber of the patients who subsequently remained in prone position for 3 h. Notably, there was restoration of corneal transparency, with a central corneal endothelial cell density of > 500 cells/mm2 at approximately 6 months following treatment. Corneal thickness was also reduced under 630 μm and the majority of patients (9 out of 11) had significantly improved visual acuity. The results of this study demonstrate the clear benefits of injection of CECs supplemented with a ROCK inhibitor for patients with bullous keratopathy and potentially other corneal endothelial disorders (Kinoshita et al., 2018) .
Future directions
Corneal transplantation immunology in the low-risk setting differs significantly from other tissue and solid organ grafting, as the cornea is immunologically privileged and avascular (Cursiefen, 2007) . However, the high-risk setting, where pathological blood and lymphatic vessels are present prior to surgery and thus the cornea's immune privilege is lost, permits comparison to transplantations performed in primarily vascularized tissues and organs. Indeed, findings from grafting experiments at the vascularized cornea have contributed to the unraveling of novel fundamental principles in transplantation immunology that are also relevant outside the eye . The majority of our knowledge regarding e.g. the role of lymphatic vessels in allograft rejection is deduced from experimental studies at the cornea. Beyond that, it is imaginable that other tissue or solid organ transplantations could benefit not only from knowledge derived from the eye, but also practically: as mentioned in chapter 3, the introduction of (allo-)antigens into the anterior chamber induces a systemic inhibition of adaptive immune responses against these antigens (ACAID), leading to acceptance e.g. of skin allografts that would have been rejected without the previous introduction of antigens into the anterior chamber (Niederkorn et al., 1981; Streilein et al., 1980) . Thus, it is conceivable that corneal transplantation may be used to prevent subsequent solid organ transplant rejection (from the same donor). However, although the experimental groundwork of this fascinating concept was laid in the 1980's, a further transition into the clinic is still missing. So there not only is an unmet need in tackling the high rejection rates in vascularized high-risk grafts in patients, but also in translating that to other fields of solid organ transplantation.
For better diagnosis and treatment of patients with corneal allograft rejection, it would also be of great interest to identify specific biomarkers e.g. in the serum or AqH of patients that indicate or even precede graft rejection episodes. In this context, a study by The Collaborative Corneal Transplantation Studies Research Group has shown that anti-class I lymphocytotoxic antibodies directed against donor class I HLA antigens are associated with graft rejection episodes in high risk patients, and might therefore be an indicator of allograft rejection (Hahn et al., 1995) . Furthermore, Foster and colleagues have demonstrated that serum levels of soluble IL-2 receptor (sIL-2R), which has already been used as a marker for early rejection in solid organ transplant recipients, were also significantly elevated during acute rejection episodes in corneal transplant recipients when compared to prerejection and post-rejection levels (Foster et al., 1993) . Recently, it has also been shown that preoperative elevation of AqH cytokine levels, e.g. of monocyte chemotactic protein 1 (MCP-1) and IFN-γ are associated with reduced ECDs after PK or DSAEK (Yagi-Yaguchi et al., 2017; Yazu et al., 2018) . In addition, preoperatively elevated cytokine levels were associated with primary graft failure in PK and DSAEK eyes . Whether this applies also for graft rejection and not only graft failure, is so far unknown. Furthermore, an elevated innate immune response was recently observed in the AqH of patients with failed DMEK grafts, although it is unclear whether this is the result and not the cause of DMEK failure (Luznik et al., 2019) .
Evidently, larger prospective trials are necessary to determine the sensitivity, specificity and overall value of anti-class I lymphocytotoxic antibodies, sIL-2R or AqH cytokine levels as predictive tools for corneal allograft rejection. With molecular diagnostic tools becoming more widely and easier available, it is also imaginable that in the future, a "personalized approach" in high-risk patients to determine the individual rejection risk profile will be possible. One could e.g. analyze cytokine levels in the AqH and might specifically counteract dysregulated factors pre-, intra-or postoperatively.
Currently, corticosteroids are still the mainstay for the treatment of graft rejection after keratoplasty, although there is no general consensus regarding the intensity of topical corticosteroid therapy and whether topical corticosteroids should be used in combination with oral or even intravenous corticosteroids. In addition, it is also unclear whether there is a benefit of additional intracameral corticosteroids for the treatment of acute graft rejection. Also for the prevention of graft rejection, there is no general agreement on how long corticosteroids should be used postoperatively to avoid immune reactions, although studies have shown that the risk of immune reactions is increased when corticosteroids are discontinued e.g. after 6 months or 1 year (irrespective whether PK or posterior lamellar keratoplasty was performed) (Nguyen et al., 2007; Price et al., 2016) . Whether this also holds true when corticosteroids are stopped, e.g. after 2 years or later, is currently unknown. As outlined in chapter 4.3.1, alternative, steroid-reducing/-replacing medications including topical or systemic CsA, MMF, Rapamycin, Tacrolimus, and others have also been demonstrated to reduce the incidence of graft rejection after (high-risk) PK. However, also these drugs seem to be only partially effective and graft rejection episodes might still occur. In this context, it should also be said that there is still an unmet need for a licensed topical inhibitor of (lymph)angiogenesis available for use in the clinic as outlined in a recent consensus paper .
In DMEK surgery, further modifications of DMEK such as Hemi-DMEK/Quarter-DMEK have been developed recently (Lam et al., 2014; D. Hos, et al. Progress in Retinal and Eye Research xxx (xxxx) xxx-xxx Zygoura et al., 2018) . This is of great interest to counteract the global donor shortage as one donor cornea can be used for two (in Hemi-DMEK) or even four (Quarter-DMEK) recipients. However, studies indicate that ECDs are lower than after (full) DMEK surgery although BCVA and central corneal thickness are comparable to (full) DMEK (Birbal et al., 2018; Zygoura et al., 2018) . It will be important to determine whether the risk of immune reactions after Hemi/-Quarter-DMEK is further reduced when compared to (full) DMEK (arguably because of less antigenic tissue transplanted) and whether more recipients of Hemi/-Quarter-DMEK decompensate earlier when compared to DMEK in mid-/long-term. In addition to Hemi-/Quarter-DMEK, a further novel concept of Descemet Stripping Without Endothelial Keratoplasty ("DWEK") has been developed, where the diseased central Descemet membrane is removed without grafting a donor Descemet membrane and endothelium (Arbelaez et al., 2014; Borkar et al., 2016; Iovieno et al., 2017; Koenig, 2015) . This completely eliminates the risk of immune reactions. However, in DWEK, visual recovery seems to be slow, midand longterm results are still missing, and studies show very variable and partially unpredictable outcomes (Arbelaez et al., 2014; Borkar et al., 2016; Iovieno et al., 2017; Koenig, 2015) . Nevertheless, there will be definitely further modifications and refinements of current endothelial keratoplasty techniques in the future, which might lead to superior outcomes or even lower graft rejection rates when compared to DMEK surgery. In addition, it will be interesting to study how endothelial keratoplasty techniques will perform for alternative indications, such as DMEK for Descemet membrane rupture in acute keratoconus (Tu, 2017) . Furthermore, comparative trails will be needed to determine whether the exciting concept of CEC transplantation, which has been very recently transferred into the clinic (Kinoshita et al., 2018) , is equal e.g. to DMEK surgery in terms of efficacy, long-term outcomes, safety and the risk of immune reactions. Finally, therapeutic temporary induction of lymphangiogenesis may become a tool to treat corneal stromal edema (Hos et al., 2017a) .
In eyes with severely altered ocular surface conditions e.g. after chemical burn or in traumatized eyes, only an artificial cornea/keratoprosthesis can help. In that context, a yet unmet clinical problem is the inflammation-driven destruction of the carrier cornea in Boston keratoprosthesis surgery, the worldwide most commonly used from of keratoprosthesis (Ahmad et al., 2016; Lee et al., 2015; Schaub et al., 2018) . Pre-transplant (Kanellopoulos and Asimellis, 2014) or in situ crosslinking (Toth et al., 2016) may be a future strategy to avoid corneal melting after Boston Kpro surgery. In addition, immune-modulating approaches are also potentially useful strategies (Robert et al., 2017) . Furthermore, the problem of inability to precisely measure intraocular pressure after Boston keratoprosthesis may be avoided using telemetric IOP measurements with an intraocular pressure sensor, as has recently been tested successfully in a clinical trial (Enders et al., 2019) .
Taken together, modern lamellar corneal transplant surgery has revolutionized not only outcomes in keratoplasty, but also the field of corneal transplant immunology itself, with endothelial immune reactions having lost most of their threat. Nonetheless, in vascularized highrisk eyes there is still a huge unmet need to prevent rejections and to promote long-term graft survival.
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